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NANOSTRUCTURE HEATERS AND
HEATING SYSTEMS AND METHODS OF
FABRICATING THE SAME

If an Application Data Sheet (ADS) has been filed on the
filing date of this application, 1t 1s incorporated by reference

herein. Any applications claimed on the ADS for priority
under 35 U.S.C. §§ 119, 120, 121, and/or 365(c), and any

and all parent, grandparent, great-grandparent, etc. applica-
tions of such applications, are also incorporated by refer-
ence, including any priority claims made 1n those applica-
tions and any maternial incorporated by reference, to the
extent such subject matter 1s not inconsistent herewith.

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of the earliest
available effective filing date(s) from the following listed
application(s) (the “Priority Applications™), if any, listed
below (e.g., claims earliest available priornity dates for other
than provisional patent applications or claims benefits under
35 U.S.C. § 119(e) for provisional patent applications, for
any and all parent, grandparent, great-grandparent, etc.
applications of the Priority Application(s)). In addition, the
present application 1s related to the “Related Applications,”
if any, listed below.

PRIORITY APPLICATIONS

None

If the listings of applications provided above are incon-
sistent with the listings provided via an ADS, 1t 1s the intent
of the Applicant to claim prionity to each application that
appears 1n the Priority Applications section of the ADS and
to each application that appears in the Priority Applications
section of this application.

All subject matter of the Priority Applications and the
Related Applications and of any and all parent, grandparent,
great-grandparent, etc. applications of the Priority Applica-
tions and the Related Applications, including any priority
claims, 1s incorporated herein by reference to the extent such
subject matter 1s not iconsistent herewith.

BACKGROUND

The present disclosure relates generally to heating
devices, such as, for example, heating devices having
nanoscale components, and methods for fabricating the
heating devices.

BRIEF DESCRIPTION OF THE DRAWINGS

The written disclosure herein describes 1llustrative
embodiments that are non-limiting and non-exhaustive. Ret-
erence 1s made to certain of such illustrative embodiments
that are depicted 1n the figures, 1n which:

FIG. 1A 1s a side elevation view of an embodiment of a
calorimetric sensor that includes a nanotube oriented
between a pair of electrical contacts;

FIG. 1B 1s a plan view of the calorimetric sensor of FIG.
1A;

FIG. 1C 1s a side elevation view of another embodiment
of a calorimetric sensor that includes a nanotube oriented
between a pair of electrical contacts and supported by
mechanical supports;
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2

FIG. 1D 1s a plan view of a calorimetric sensor that
includes separate current and voltage contacts;

FIG. 2 1s lateral cross-section of an embodiment of a
nanotube that includes a reaction site;

FIG. 3 1s a plan view of another embodiment of a
calorimetric sensor that includes a reaction site positioned at
an end of a nanotube;

FIG. 4 1s a plan view of another embodiment of a
calorimetric sensor that includes a reaction site attached to
a functional group;

FIG. 5 1s a plan view of another embodiment of a
calorimetric sensor for which a functional group defines a
reaction site;

FIG. 6 1s a plan view of another embodiment of a
calorimetric sensor;

FIG. 7 1s a plan view of an embodiment of a nanotube that
has one or polymers positioned about 1t 1n a helical pattern;

FIG. 8 1s a plan view of another embodiment of a
nanotube similar to that i1llustrated in FIG. 7 with a reaction
site;

FIG. 9 1s a plan view of another embodiment of a
calorimetric sensor that includes a nanotube that supports
multiple reaction sites;

FIG. 10 1s a plan view of another embodiment of a
calorimetric sensor that includes a plurality of nanotubes
oriented between a pair of electrical contacts;

FIG. 11 1s a plan view of another embodiment of a
calorimetric sensor that includes a plurality of nanotubes
oriented between a pair of electrical contacts, wherein each
nanotube supports a plurality of reaction sites;

FIG. 12A 1s an elevation view of another embodiment of
a calorimetric sensor that includes a substrate, wherein a
portion of a nanotube contacts and 1s supported at least in
part by the substrate;

FIG. 12B 1s an elevation view of another embodiment of
a calorimetric sensor that includes a substrate with a gap
near a reaction site;:

FIG. 12C 1s an elevation view of another embodiment of
a calorimetric sensor with a nanotube extending around an
edge of a substrate and a reaction site positioned off of the
substrate;

FIG. 12D 1s an elevation view of another embodiment of
a calorimetric sensor with a nanotube and a reaction site
extending off of an edge of a substrate;

FIG. 12F 1s an embodiment of a perspective view of the
calorimetric sensor of FIG. 12D;

FIG. 13A 1s a plan view of another embodiment of a
calorimetric sensor that includes a feedback circuit;

FIG. 13B 1s a plan view of another embodiment of a
calorimetric sensor with a feedback circuit, including a
current source and an amplifier;

FIG. 14 1s a plan view of an embodiment of a calorimetric
sensor that includes multiple pairs of electrical contacts
coupled with a circuit, with each pair of electrical contacts
including a nanotube oriented between them:;

FIG. 15 1s a plan view of another embodiment of a
calorimetric sensor that includes multiple pairs of electrical
contacts coupled with a circuit, with each pair of electrical
contacts including a nanotube oriented between them:;

FIG. 16 1s a plan view of another embodiment of a
calorimetric sensor that includes multiple pairs of electrical
contacts coupled with a circuit, with each pair of electrical
contacts including a nanotube oriented between them:;

FIG. 17 1s a plan view of another embodiment of a
calorimetric sensor that includes multiple pairs of electrical
contacts coupled with a circuit, with each pair of electrical
contacts including a nanotube oriented between them:;
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FIG. 18 1s a plan view of another embodiment of a
calorimetric sensor that includes multiple pairs of electrical
contacts coupled with a circuit, with each pair of electrical
contacts including a nanotube oriented between them:;

FIG. 19 1s a plan view of another embodiment of a
calorimetric sensor that includes multiple pairs of electrical
contacts coupled with a circuit, with each pair of electrical
contacts including a nanotube oriented between them;

FIG. 20A 1s a plan view of another embodiment of a
calorimetric sensor that includes multiple pairs of electrical
contacts coupled with a circuit, with each pair of electrical
contacts including multiple nanotubes oriented between

them;
FIG. 20B 1s a plan view of another embodiment that

includes a first set of calorimetric sensors and a second,

reference calorimetric sensor:
FIG. 21 1s a plan view of an embodiment of a system that

includes an array of calorimetric sensors coupled to readout

electronics;

FIG. 22 1s a plan view of an embodiment of a system that
includes an array of switchable calorimetric sensors;

FIG. 23 A 15 an elevation view of a portion of an embodi-
ment that depicts a nanostructure that comprises an arc;

FIG. 23B 1s another elevation view of a portion of an
embodiment that depicts a nanostructure that comprises an
arc;

FIG. 24 1s an elevation view of a portion of another
embodiment that depicts nanostructures that comprise a V
shape;

FI1G. 24 1s a plan view of another embodiment of a system
that includes a two-dimensional array of calorimetric sen-
SOI'S;

FIG. 25 15 a perspective view of a two-dimensional array
of calorimetric sensors, according to one exemplary embodi-
ment;

FI1G. 26 1s a plan view of another embodiment of a system
that includes a two-dimensional array of calorimetric sen-
SOI'S;

FIG. 27 1s a plan view of another embodiment of a system
that includes an array of calorimetric sensors;

FIG. 28 15 a plan view of another embodiment of a system
that includes an array of calorimetric sensors;

FIG. 29A 1s an elevation view of an embodiment of a
sensor that includes a nanotube coupled with a thermal
member:

FIG. 29B 1s an elevation view of an embodiment of a
calorimetric sensor that includes a nanotube coupled with an
1solated thermal member;

FIG. 29C 1s a plan view of a nanotube coupled with an
1solated thermal member;

FIG. 30 1s a plan view of an embodiment of a heater
and/or sensor that includes an embodiment of a one-dimen-
sional array of heating and/or sensing elements;

FIG. 31 1s a plan view of another embodiment of a heater
and/or sensor that includes an embodiment of a conducting
lead;

FIG. 32 15 a plan view of another embodiment of a heater
and/or sensor that includes another embodiment of a con-
ducting lead;

FIG. 33 1s a perspective view ol a portion ol another
embodiment of an array of nanotube sensors that includes an
embodiment of a structure over which a plurality of nano-
structures are oriented;

FIG. 34 1s an elevation view of another embodiment of a
structure over which a plurality of nanostructures can be
oriented:
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FIG. 35 1s a perspective view ol a portion of another
embodiment of an array of nanotube sensors that includes
another embodiment of a structure through which a plurality
of nanostructures are oriented;

FIG. 36 1s an eclevation view of a portion of another
embodiment of an array of nanotube heater and/or sensor
that includes another embodiment of a structure over which
one or more nanostructures can be oriented;

FIG. 37 15 a plan view of another embodiment of a heater
and/or sensor that includes one or more current sources;

FIG. 38 1s a plan view of another embodiment of an array
ol nanotube heater and/or sensor that includes an embodi-
ment of a 2-dimensionally addressable matrix;

FIG. 39 1s a plan view of another embodiment of an array
of nanotube heater and/or sensor that includes another
embodiment of a 2-dimensionally addressable matrix;

FIG. 40 1s an elevation view of a portion of an embodi-
ment of a heater and/or sensor that 1s approximated to a

surface for heating and/or sensing the surface;
FIG. 41A 1s a plan view of the thermal device of FIG.

41B;

FIG. 41B 1s a cross-sectional view of an embodiment of
a thermal device that includes a multi-wall nanotube coupled
with a substrate:

FIG. 41C 1s another cross-sectional view of the thermal
device of FIG. 41B taken along a plane that 1s perpendicular
to a plane of the cross-section of FIG. 41B, wherein the
cross-sectional planes of FIGS. 41B and 41C intersect along
a longitudinal axis of the multi-wall nanotube;

FIG. 42 1s a plan view of an embodiment of a system that
includes a plurality of thermal devices arranged in a one-
dimensional array; and

FIG. 43 15 a plan view of another embodiment of a system
that includes a plurality of thermal devices, wherein the
thermal devices are arranged 1n a two-dimensional array.

DETAILED DESCRIPTION

The drawings herein are not necessarily to scale, unless
specifically indicated, and are generally shown as schematic
depictions. Accordingly, in many instances, relative dimen-
sions may be inaccurately depicted for the sake of conve-

nience.

With reference to FIGS. 1A and 1B, 1n certain embodi-
ments, a calorimetric sensor 100 can include a first electrical
contact 141, a second electrical contact 142 spaced from the
first electrical contact 141, and a first nanotube 143 oriented
between the first and second electrical contacts. The term
“calorimetric sensor” 1s used in i1ts ordinary sense, and
includes sensors that are configured to detect the presence of
heating or cooling and/or to determine an amount of heating
or cooling; such presence of heating or cooling and/or
determination of an amount of heating or cooling may be
relative to, for example, a chemical reaction, a physical
change, etc.

The nanotube 143 can be oriented between the first and
second electrical contacts 1n any suitable manner, such as
those discussed below. For example, 1n some embodiments,
opposite ends of the nanotube 143 can be attached to the first

and second electrical contacts 141, 142, respectively, and the
nanotube 143 can extend between the contacts. In some
embodiments, the nanotube 143 1s taut. In other embodi-
ments, the nanotube 143 may be slack. In some embodi-
ments, the nanotube 143 can be electrically coupled with
each of the first and second electrical contacts 141, 142.
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Suitable methods for orienting the nanotube 143 between the
first and second electrical contacts 141, 142 are also
described below.

The calorimetric sensor 100 can further include a first
reaction site 144 for a first chemical or biological reaction.
The reaction site 144 can be supported by the nanotube 1n
any suitable manner, such as those discussed below.

The calorimetric sensor 100 can further include a circuit
150 coupled with the first and second electrical contacts 141,
142 1n any suitable manner, such as via a pair of electrical
leads 151, 152. The circuit 150 can be configured to detect
a first thermal change of the reaction site 144 due to the
chemical or biological reaction based on an effect of the
thermal change on the nanotube 143.

In certain embodiments, the nanotube 143 can comprise a
carbon nanotube. In other embodiments, the nanotube 143
can comprise an inorganic nanotube. In various embodi-
ments, the nanotube 143 can comprise a single-walled
nanotube or a multi-walled nanotube. For example, 1n some
embodiments, the nanotube 143 can comprise two or more
walls. As used herein, the term “nanotube” 1s to be under-
stood and as being one or more of a singled-walled carbon
nanotube, a multi-walled carbon nanotube, nanotubes made
of other materials (e.g., BN), a nanotube mesh, a nanotube
yard, one or more layers of graphene 1n any configuration
(e.g., tlat, cured, conformal, rolled, etc.), a conductive nano-
tube, a non-conductive nanotube, a semi-conductive nano-
tube. Nanotubes as described herein may generally carry a
current and have a non-zero and non-infinite resistance.

In certain embodiments, the nanotube 143 1s functional-
1zed to support the reaction site 144. For example, 1n some
embodiments, the nanotube 143 1s exohedrally functional-
ized. The reaction site 144 can be at an exterior of the
nanotube, as 1illustrated in FIGS. 1A and 1B. In some
embodiments, the nanotube 1s endohedrally functionalized.
The reaction site 144 can be at an interior of the nanotube
143, as schematically illustrated via the lateral cross-section
depicted 1n FIG. 2.

As 1llustrated 1 FIG. 1C, one or more mechanical sup-
ports 18, 19 may be independent from the electrical contacts
141, 142. For instance, triangular mechanical supports 18,19
may support the nanotube 143 1independent of the electrical
contacts 141, 142. Any of a wide variety ol mechanical
supports 18, 19, including various sizes, shapes, materials,
and/or heights, may be utilized in conjunction with any of
the various embodiments of calorimetric sensors described
herein (e.g., calorimetric sensor 100).

FIG. 1D 1s a plan view of a calorimetric sensor that
includes separate current 22 and voltage 21 sources. As
illustrated, 1n certain embodiments the calorimetric system
may utilize a four-wire configuration for independently
passing current through the nanotube 143 and measuring a
voltage across the nanotube 143. For example, a first set of
wires 21 might be used for passing current through the
nanotube 143 and a second set of wires 22 may be used for
measuring voltage. The four-wire configuration may
increase sensitivity to changes in the properties of the
nanotube, and/or reduce sensitivity to changes in the prop-
ertiecs of the connecting wires, contacts, substrate, etc.
Although many electrical connections throughout the draw-
ings are shown as two-wire configurations for ease of
illustration, 1t should be understood that other embodiments
can instead include a four-wire configuration, such as, for
example, the four-wire configuration of FIG. 1D or 5. Either
two-wire or four-wire measurements may be made using
DC, pulsed DC, AC, or other current waveform. In particu-
lar, a DC signal may be used to measure the resistance of the
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nanotube while an AC signal 1s used to heat the nanotube or
to measure the resistance ol other portions of the sensing
circuit, or vice versa.

In some embodiments, such as in the calorimetric sensor
101 schematically depicted in FIG. 3, a functional group 155
1s attached to an end of the nanotube 143. In further
embodiments, the reaction site 144 can be defined by the
functional group 155. In still further embodiments, the
reaction site 144 1s attached to the functional group 153, as
schematically depicted in the calorimetric sensor 102 of
FIG. 4.

In some embodiments, a functional group 13535 1s attached
to a sidewall of the nanotube 143, as depicted in the
calorimetric sensor 103 of FIG. 5. In further embodiments,
the reaction site 144 1s defined by the functional group 155.
In still further embodiments, such as 1n the calorimetric
sensor 104 schematically depicted 1n FIG. 6, the reaction site
144 1s attached to the functional group.

With reference to FIG. 5, certain embodiments may utilize
a four-wire configuration for independently passing current
through the nanotube 143 and measuring a voltage across
the nanotube 143. For example, a first set of wires 151A,
152 A might be used for passing current through the nano-
tube 143 and a second set of wires 151B, 152B may be used
for measuring voltage. The four-wire configuration can
increase sensitivity. Although many electrical connections
throughout the drawings are shown as two-wire configura-
tions for ease of illustration, it should be understood that
other embodiments can 1nstead include a four-wire configu-
ration, such as, for example, the four-wire configuration of
FIG. 5.

In some embodiments, the reaction site 144 1s covalently
boded to the nanotube 143, such as, for example, 1n an
arrangement such as that depicted in FIG. 1B. In other
embodiments, the reaction site 144 1s attached to a func-
tional group 155 that i1s covalently boded to the nanotube,
such as, for example, 1n an arrangement such as that depicted
in FIG. 4 or FIG. 6. In still other embodiments, the reaction
site 144 1s noncovalently bonded to the nanotube 143. Any
of the foregoing arrangements can be formed 1n any suitable
manner, as discussed further below.

In some embodiments, one or more polymers 149 are
oriented about an exterior of the nanotube 143. For example,
the one or more polymers 149 may be positioned about the
nanotube 143 1n a helical arrangement, such as that sche-
matically depicted 1n FIG. 7. In some embodiments, the one
or more polymers 149 are not chemically bonded to the
nanotube 143, but rather, are physically or mechanically
attached to the nanotube 143. Other suitable arrangements
are also contemplated. In further embodiments, the reaction
site 144 1s defined by the one or more polymers 149. In other
embodiments, the reaction site 144 1s attached to the one or

more polymers 149, such as schematically illustrated 1n FIG.
8.

In certain embodiments, the nanotube 143 1s derivatized
and/or functionalized to support the reaction site 144. In
some embodiments, the reaction site 144 comprises an atom
configured to chemically interact with a target material. In
some embodiments, the reaction site 144 comprises a mol-
ecule configured to chemically interact with a target mate-
rial. In certain of such embodiments, the molecule comprises
a polymer.

In some embodiments, the reaction site 144 comprises a
biological element configured to interact with an analyte. In
various of such embodiments, the biological element com-
prises one or more of an enzyme, an antibody, an antigen, a
nucleic acid, a protein, a cell receptor, an organelle, a



US 10,285,220 B2

7

microorganism, a tissue, a biologically derived material, or
a biomimic/biomimetic component.

In some embodiments, a calorimetric sensor 105 includes
one or more additional reaction sites 144 that are each for a
chemical or biological reaction are supported by the nano-
tube 143, as shown 1n FIG. 9. In certain embodiments, the
circuit 150 1s configured to detect a thermal change of one
or more of the reaction sites 144 that are supported by the
nanotube 143 due to the chemical or biological reaction at
cach of the one or more of the reaction sites. In the illustrated
embodiment, the nanotube 143 supports two reaction sites
144. In further embodiments, the nanotube 143 can support

more than two, more than three, more than four, etc. reaction
sites 144.

With reference to FIG. 10, in some embodiments, a

calorimetric sensor 106 includes a plurality of nanotubes
143 (e.g., two or more, three, four, five, 10, 50, 100, 500,

1,000, or more nanotubes) that are oriented between the first
and second electrical contacts 141, 142. Fach of the nano-
tubes can be electrically coupled with each of the first and
second electrical contacts 141, 142. The calorimetric sensor
106 can 1nclude a plurality of reaction sites 144 (e.g., two or
more, three or more, four or more reaction sites) for a
chemical or biological reaction. Each of the reaction sites
can be supported by one of the nanotubes 143.

The circuit 150 can be configured to detect a thermal
change of any of the reaction sites 144 supported by any of
the nanotubes 143 due to one or more chemical or biological
reactions at one or more of the reaction sites 144 based on
an eflect of the thermal change on any of the nanotubes 143.

With reference to FIG. 11, in some embodiments of a
calorimetric sensor 107, one or more ol the plurality of
nanotubes 143 each supports a plurality of reaction sites 144
that are each for a chemical or biological reaction.

With reference again to FIGS. 1A and 1B, i some
embodiments, a nanotube 143 1s suspended between the first
and second electrical contacts 141, 142 1n spaced relation
from other portions of the calorimetric sensor 100. With
reference to FIGS. 12A and 12B, in some embodiments, a
calorimetric sensor 108 includes a substrate 154. In further
embodiments, the nanotube 143 contacts and 1s supported at
least 1n part by the substrate 154 at a position between the
first and second electrical contacts 141, 142. In various
embodiments, the substrate comprises one or more of sili-
con, S10,, SiNx, GaAs, GaN, plastic, or paper. As shown 1n
FIG. 12B, 1 some embodiments, substantially all of the
nanotube 143 may be supported by the electrical contacts
141, 142 and/or the substrate 154, except for in the vicinity
of the reaction site 144. For example, in the illustrated
embodiment, the nanotube 143 1s suspended over a cavity 23
in the substrate 154. Such an arrangement may increase the
sensitivity of the system, as heat from a reaction at the
reaction site 144 1s not dissipated into the substrate 154.

FIG. 12C 1s an elevation view of another embodiment of
a calorimetric sensor 25 with a nanotube 143 extending
around an edge of a substrate 154 and a reaction site 144
positioned ofl of the substrate 154. The nanotube 143 may
contact and/or supported at least 1n part by the substrate 154
at a position between the first and second electrical contacts
141, 142.

FIG. 12D 1s an elevation view of another embodiment of
a calorimetric sensor 26 with a nanotube 143 and a reaction
site 144 extending ofl of an edge of the substrate 154. The
nanotube 143 may contact and/or supported at least 1n part
by the substrate 154 at a position between the first and
second electrical contacts 141, 142.
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FIG. 12E 1s an embodiment of a perspective view of the
calorimetric sensor 26 of FIG. 12D. As illustrated, the
nanotube 143 and reaction site 144 may extend ofl the edge
ol the substrate 154. The nanotube 143 may contact and/or
supported at least 1n part by the substrate 154 at a position
between the first and second electrical contacts 141, 142.

In various embodiments of the sensors described above, a
thermal change of the reaction site 144 comprises an absorp-
tion of heat by the chemical or biological reaction. In other
embodiments, the thermal change comprises a release of
heat by the chemical or biological reaction. In some embodi-
ments, the effect of the thermal change on the nanotube 143
comprises a change 1n a resistance of the nanotube 143 due
to a change 1n temperature of the nanotube 143, whether that
change 1s an increase in temperature or a decrease 1n
temperature.

In some embodiments, the circuit 150 1s configured to
determine a magnitude of the change 1n the resistance of the
nanotube 143 based on a change in voltage across the first
and second electrical contacts 141, 142. In some embodi-
ments, the circuit 150 1s configured to determine whether or
not a chemical or biological reaction at the reaction site 144
occurs by determining whether or not a voltage across the
first and second electrical contacts 141, 142 changes.

In some embodiments, the circuit 150 1s configured to
determine a magnitude of the change 1n the resistance of the
nanotube 143 based on a change 1n current passing through
the nanotube 143. In some embodiments, the circuit 150 1s
configured to determine whether or not a chemical or
biological reaction at the reaction site 144 occurs by deter-
mining whether or not a current passing through the nano-
tube 143 changes.

In some embodiments, the circuit 150 1s configured to
determine a magnitude of the change in resistance of the
nanotube 143 based on a change in power dissipated in the
circuit 150. In some embodiments, the circuit 150 1s con-
figured to determine whether or not a chemical or biological
reaction at the reaction site 144 occurs by determiming
whether or not a level of power dissipated 1n the circuit 150
changes.

In certain embodiments, the circuit 150 1s configured to
counteract a change in the resistance of the nanotube 143 so
as to maintain the nanotube 143 at a constant resistance.
With reference to FIG. 13A, in some embodiments, a
calorimetric sensor 109 includes a circuit 150 that has a
feedback circuit 156 that 1s configured to counteract a
change in the resistance of the nanotube 143 by controlling
a current within the feedback circuit 156. In certain embodi-
ments, a magnitude of the thermal change of the reaction 1s
detected via a magnitude of a change in the current used to
maintain the nanotube 143 at the constant resistance.

In some embodiments, the circuit 150 1s configured to
maintain a constant voltage across the nanotube 143. In
further embodiments, changes 1n the circuit 150 that aid 1n
maintaining the constant voltage are used to determine
whether or not a chemical or biological reaction occurs at the
reaction site 144. In some embodiments, changes in the
circuit 150 that aid 1n maintaining the constant voltage are
used to determine a magnitude of a chemical or biological
reaction at the reaction site 144.

In some embodiments, the circuit 150 1s configured to
pass a constant current through the nanotube 143. In certain
of such embodiments, changes in the circuit 150 that aid 1n
maintaining the constant current are used to determine
whether or not a chemical or biological reaction occurs at the
reaction site 144. In some embodiments, changes 1n the
circuit 150 that aid 1n maintaining the constant current are
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used to determine a magnitude of a chemical or biological
reaction at the reaction site 144.

In some embodiments, the circuit 150 1s configured to
dissipate a constant power. In certain of such embodiments,
changes in the circuit 150 that aid 1n maintaining the
constant power are used to determine whether or not a
chemical or biological reaction occurs at the reaction site
144. In some embodiments, changes 1n the circuit 150 that
aid 1n maintaining the constant power are used to determine
a magnitude of a chemical or biological reaction at the
reaction site 144.

FIG. 13B 1s a plan view of an embodiment of the
calorimetric sensor 104 shown in FIG. 13A, in which the
teedback circuit 156 1s shown as including a voltage refer-
ence 57, an error amplifier 58, and a current source 59.
Additional and/or alternative circuit components may be
utilized 1n a feedback circuit 156.

With reference to FIG. 14, in some embodiments, a
calorimetric sensor 110 includes a third electrical contact
145 and a fourth electrical contact 146 spaced from the third
clectrical contact 145. An additional or second nanotube 147
can be oriented between the third and fourth electrical
contacts 145, 146. The second nanotube 147 can be electri-
cally coupled with each of the third and fourth electrical
contacts. The first and second nanotubes 143, 147 can
comprise any suitable arrangement discussed herein. The
first and second nanotubes 143, 147 can have the same
arrangement or can have diflerent arrangements. Although
the embodiment depicted in FIG. 14 comprises two sets of
nanotubes and electrical contacts, any suitable number of
such sets of nanotubes and electrical contacts 1s contem-
plated (e.g., three, four, five, 10, 20, 30, 40, 50, 100, or
more). In certain embodiments, the circuit 150 1s coupled
with each nanotube (e.g., 143, 147) via the electrical con-
tacts (e.g., 141, 142, 146, 147), respectively.

In the 1llustrated embodiment, the circuit 150 1s coupled
with the electrical contacts 145, 156 via electrical leads 157,
158. In other embodiments, the electrical contacts 141, 142,
145, 146 can be omitted or replaced with non-conducting
material, and the electrical leads 151, 152, 157, 158 can be
connected to the nanotubes 143, 147 directly. Stated other-
wise, the electrical leads 151, 152, 157, 158 may also be
referred to as electrical contacts.

In some embodiments, the second nanotube 147 1s devoid
ol any couplings to reaction sites for chemical or biological
reactions of a variety that would be detectable via the first
reaction site 144. In certain embodiments, the second nano-
tube 147 1s non-functionalized.

With reference to FIG. 15, in some embodiments, a
calorimetric sensor 111 includes a second nanotube 147 that
1s Tunctionalized to support a second reaction site 148 for a
second chemical or biological reaction. In some embodi-
ments, the second reaction site 1s configured to be used to
calibrate activity sensed via the first reaction site 144.

In certain embodiments of the calorimetric sensors 110,
111, the circuit 150 1s configured to detect the thermal
change of the first reaction site 144 based on a diflerential
measurement of the first and second nanotubes 143, 147. In
certain of such embodiments, the differential measurement
compares a resistance ol the first nanotube 143 with a
resistance of the second nanotube 147. In some embodi-
ments, the differential measurement compares a current flow
through the first nanotube 143 with a current flow through
the second nanotube 143. In some embodiments, the differ-
ential measurement compares a voltage across the first and
second electrical contacts 141, 142 with a voltage across the
third and fourth electrical contacts 145, 146.
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In certain embodiments of the calorimetric sensors 110,
111, the circuit 150 1s configured to counteract a change 1n
a first resistance of the first nanotube 143 so as to maintain
the first nanotube 143 at the {irst resistance and counteract a
change 1n a second resistance of the second nanotube 147 so
as to maintain the second nanotube 147 at the second
resistance. In certain of such embodiments, the first resis-
tance and the second resistance are the same prior to
initiation of the chemical or biological reaction at the first
reaction site 144. In some embodiments, the first resistance
and the second resistance are diflerent from each other prior
to mitiation of the chemical or biological reaction at the first
reaction site 144.

With reference to FIGS. 16 and 17, 1n certain embodi-
ments of calorimetric sensors 112, 113, which resemble the
sensors 110, 111 described above 1n many respects, each
circuit 150 1ncludes a first feedback circuit 156 that 1s
configured to counteract a change in the first resistance of
the first nanotube 144 by controlling a first current within the
first feedback circuit 156 and includes a second feedback
circuit 159 that 1s configured to counteract a change 1n the
second resistance of the second nanotube 147 by controlling
a second current within the second feedback circuit 159. In
certain of such embodiments, the differential measurement
compares a magnitude of a change in the first current used
to maintain the first nanotube 143 at the first resistance with
a magnitude of a change 1n the second current used to
maintain the second nanotube 147 at the second resistance.

In certain embodiments of the sensors 110, 111, 112, 113,
the second nanotube 147 1s non-functionalized. In certain of
such embodiments, the first nanotube 143 1s functionalized
to support the first reaction site 144. In some embodiments,
the circuit 150 1s configured to detect the thermal change of
the first reaction site 144 based on a diflerential measure-
ment of the first and second nanotubes 143, 147. In certain
of such embodiments, the differential measurement com-
pares a resistance of the first nanotube 143 with a resistance
of the second nanotube 147. In some embodiments, the
differential measurement compares a current flow through
the first nanotube 143 with a current tlow through the second
nanotube 147. In some embodiments, the diflerential mea-
surement compares a voltage across the first and second
clectrical contacts 141, 142 with a voltage across the third
and fourth electrical contacts 145, 146.

In some embodiments of the sensors 110, 111, 112, 113,
the circuit 150 1s configured to counteract a change 1n a first
resistance of the first nanotube 143 so as to maintain the first
nanotube 143 at the first resistance and counteract a change
in a second resistance of the second nanotube 147 so as to
maintain the second nanotube 147 at the second resistance.
In certain of such embodiments, the first resistance and the
second resistance are the same prior to initiation of the
chemical or biological reaction at the first reaction site 144.
In other embodiments, the first resistance and the second
resistance are different from each other prior to 1nitiation of
the chemical or biological reaction at the first reaction site
144.

In certain embodiments, of the sensors 112, 113, the first
teedback circuit 156 1s configured to counteract a change 1n
the first resistance of the first nanotube 144 by controlling a
first current within the first feedback circuit 156 and the
second feedback circuit 1589 is configured to counteract a
change 1n the second resistance of the second nanotube 147
by controlling a second current within the second feedback
circuit 159. In certain of such embodiments, the difterential
measurement mentioned above compares a magnitude of a
change in the first current used to maintain the first nanotube
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143 at the first resistance with a magnitude of a change 1n the
second current used to maintain the second nanotube 147 at
the second resistance.

In certain embodiments of the sensors 111, 113, the
second reaction site 148 1s configured for a second chemical
or biological reaction that 1s different from the first chemical
or biological reaction of the first reaction site 144. The
second reaction site 148 can be supported by the second
nanotube 147. In certain of such embodiments, the circuit
150 1s configured to detect a second thermal change of the
second reaction site 148 due to the second chemical or
biological reaction based on an el

ect of the thermal change
on the second nanotube 147. In some embodiments, the
circuit 150 1s configured to detect one or more of the first and
second thermal changes of one or more of the first and
second reaction sites 144, 148, respectively, based on a
differential measurement of the first and second nanotubes
143, 147. In some embodiments, the differential measure-
ment compares a resistance of the first nanotube 143 with a
resistance of the second nanotube 147. In some embodi-
ments, the differential measurement compares a current flow
through the first nanotube 143 with a current flow through
the second nanotube 147. In some embodiments, the differ-
ential measurement compares a voltage across the first and
second electrical contacts 141, 142 with a voltage across the
third and fourth electrical contacts 145, 146.

In some embodiments of the sensors 111, 113, the circuit
150 1s configured to counteract a change 1n a first resistance
of the first nanotube 143 so as to maintain the first nanotube
at the first resistance and counteract a change 1n a second
resistance of the second nanotube 147 so as to maintain the
second nanotube at the second resistance. In certain of such
embodiments, the first resistance and the second resistance
are the same prior to 1nitiation of the first or second chemical
or biological reactions at the first or second reaction sites
144, 148, respectively. In other embodiments, the first
resistance and the second resistance are different from each
other prior to 1nmitiation of the first or second chemical or
biological reactions at the first or second reaction sites 144,
148, respectively.

In some embodiments of the sensor 113, the circuit 150
includes the first feedback circuit 156, which can be con-
figured to counteract a change in the first resistance of the
first nanotube 143 by controlling a first current within the
first feedback circuit. The second feedback circuit 159 can
be configured to counteract a change 1n the second resistance
of the second nanotube 147 by controlling a second current
within the second feedback circuit 159. In some embodi-
ments, the differential measurement mentioned above com-
pares a magnitude of a change in the first current used to
maintain the first nanotube 143 at the first resistance with a
magnitude of a change in the second current used to main-
tain the second nanotube 147 at the second resistance.

In various embodiments of the calorimetric sensors 110,
111, 112, 113, one or both of the first and second nanotubes
143, 147 each comprises a carbon nanotube, each comprises
an 1norganic nanotube, each comprises a single-walled
nanotube, or each comprises a multi-walled nanotube.

In some embodiments, the first and second nanotubes 143,
147 are functionalized to support the first and second
reaction sites, respectively. In certain embodiments, one or
both of the first and second nanotubes 143, 147 are exohe-
drally functionalized. In some embodiments, one or both of
the first and second reaction site are at an exterior of the first
and second nanotubes 143, 147, respectively. In some
embodiments, one or both of the first and second nanotubes
143, 147 are endohedrally functionalized. One or both of the
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first and second reaction sites can be at an interior of the first
and second nanotubes 143, 147, respectively.

For any suitable embodiment, one or more separate func-
tional groups 155 can be attached to an end of one or more
of the first and second nanotubes 143, 147. In some embodi-
ments, the first and second reaction sites 144, 148 are
defined by the functional groups. In some embodiments, the
first and second reaction sites 144, 148 are attached to the
functional groups. In some embodiments, one or more
separate Tunctional groups are attached to a sidewall of one
or more of the first and second nanotubes 143, 147, respec-
tively.

In some embodiments, the first and second reaction sites
144, 148 are covalently boded to the first and second
nanotubes 143, 147, respectively. In some embodiments, the
first and second reaction sites 144, 148 are attached to
separate functional groups that are covalently boded to the
first and second nanotubes 143, 147, respectively. In other
embodiments, the first and second reaction sites 144, 148 are
noncovalently bonded to the first and second nanotubes 143,
147, respectively.

Any suitable arrangement for either of the first and second
nanotubes 143, 147 1s possible, such as those discussed
above. Further, the first and second nanotubes 143, 147 can
be of the same or different variety.

For example, i various embodiments, one or more poly-
mers (such as shown 1n FIGS. 7 and 8) can be oriented about
an exterior of each of the first and second nanotubes 144,
148. The first and second reaction sites 144, 148 can be
defined by the one or more polymers. The first and second
reaction sites 144, 148 can be attached to the one or more
polymers.

The first and second nanotubes 143, 147 can be deriva-
tized to support the first and second reaction sites 144, 148,
respectively. One or more of the first and second reaction
sites 144, 148 can each comprise an atom configured to
chemically interact with a target material or a molecule
configured to chemically interact with a target material. In
some embodiments, the molecule comprises a polymer.

In various embodiments, one or more of the first and
second reaction sites 144, 148 each comprises a biological
clement configured to interact with an analyte. In various
embodiments, each biological element can comprise one or
more ol an enzyme, an antibody, an antigen, a nucleic acid,
a protein, a cell receptor, an organelle, a microorganism, a
tissue, a biologically derived matenal, or a biomimic com-

ponent.

With reference to FIGS. 18 and 19, in some embodiments
of calorimetric sensors 114, 115, the first nanotube 143 can
turther support one or more additional first reaction sites 144
that are each for the first chemical or biological reaction.
With reference to FIG. 19, in some embodiments, the second
nanotube 147 further supports one or more additional second
reaction sites 148 that are each for the second chemical or
biological reaction.

In some embodiments, features of the sensors 106, 107
can be combined with features of the sensors 110, 111, 112,
113, 114, 115 such that one or more additional first nano-
tubes 143 are oriented between the first and second electrical
contacts 141, 142. One such embodiment 1s depicted 1n FIG.
20A. In certain embodiments, a calorimetric sensor 116 can
include multiple first nanotubes 143 that can each be elec-
trically coupled with each of the first and second electrical
contacts 141, 142. Moreover, in some embodiments, one or
more additional first reaction 144 sites for the first chemaical
or biological reaction can be present, and each of the one or
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more additional first reaction sites 144 can be supported by
one of the one or more additional nanotubes 143.

Further, 1n some embodiments, one or more additional
second nanotubes 147 can be oriented between the third and
fourth electrical contacts 145, 146. The one or more addi- 5
tional second nanotubes 147 can each be electrically coupled
with each of the third and fourth electrical contacts 145, 146.

In some embodiments, one or more additional second reac-
tion sites 148 for the second chemical or biological reaction
can supported by one of the one or more additional second 10
nanotubes 147.

In some embodiments, the circuit 150 1s configured to
detect a thermal change of any of the reaction sites 144, 148
supported by any of the nanotubes 143, 147 due to one or
more chemical or biological reactions at one or more of the 15
reaction sites based on an eflect of the thermal change on
any ol the nanotubes 143, 147. In certain of such embodi-
ments, one or more of the nanotubes 143, 147 each supports
a plurality of reaction sites 144, 148, respectively, that are
cach for a chemical or biological reaction. 20

In various embodiments of the sensors 110, 111, 112, 113,
114, 115, the first nanotube 143 1s suspended between the
first and second electrical contacts 141, 142 1n spaced
relation from other portions of the sensor and the second
nanotube 1s suspended between the third and fourth electri- 25
cal contacts 145, 146 1n spaced relation from other portions
of the sensor.

In some embodiments, at least one of the first and second
nanotubes 143, 147 contacts and 1s supported by the sub-
strate 154 at a position between the first and second elec- 30
trical contacts 141, 142 or between the third and fourth
clectrical contacts 145, 146, respectively. The substrate may
be of any suitable variety, such as those discussed above.

In various embodiments, one or more of the reaction sites
144, 148 can be resettable. In some embodiments, one or 35
more of the chemical or biological reactions are reversible.

In some embodiments, one or more of the reaction sites
144, 148 are configured to be returned to a pre-reaction state
via heating of the reaction site. In certain of such embodi-
ments, the circuit 150 1s configured to heat the first nanotube 40
143 to thereby heat the first reaction site 144. In certain of
such embodiments, the circuit 150 1s configured to heat the
first nanotube 143 by passing a current through the first
nanotube 143.

In some embodiments, the first reaction site 144 1s con- 45
figured to be returned to a pre-reaction state via immersion
ol the first reaction 144 site in a medium. In certain of such
embodiments, the medium comprises a solvent. In some
embodiments, the medium comprises an acid. In some
embodiments, the medium comprises an alkali. 50

Any suitable method for manufacturing any of the fore-
going calorimetric sensors 1s contemplated. In some
embodiments, processes commonly used 1 microfabrica-
tion or semiconductor device fabrication can be used for at
least a portion of some processes. For example, in some 55
instances, the substrate 154, the electrical leads 151, 152,
157, 158, and/or the electrical contacts 141, 142, 145, 146
can be formed via any suitable methods of manufacture,
such as one or more of thermal oxidation, chemical vapor
deposition, physical vapor deposition, photolithography, 60
shadow masking, or etching. The processes can further
include suitable methods of electrically coupling the one or
more nanotubes 143, 147 to the electrical contacts 141, 142,
145, 146.

Various methods, or portions thereof, that are described 65
herein are not depicted 1mn a step-by-step fashion in the
drawings. Rather, one skilled 1n the art will understand such
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step-by-step methods from the written disclosure thereof
and/or the drawings associated therewith. Moreover, to the
extent a visual depiction of the methods described herein 1s
desired, any suitable flow of method steps or stages may be
depicted 1n a flow chart 1n which each recited step or stage
1s depicted 1n a separate box, and the boxes are connected via
arrows showing an order of operations.

Some methods of manufacturing a calorimetric sensor
100-115 include electrically coupling a first nanotube 143
with each of a first electrical contact 141 and a second
clectrical contact 142 that are spaced from each other. The
first nanotube 143 can 1nclude a first reaction site 144 for a
first chemical or biological reaction. Some methods further
include electrically coupling a circuit 150 with the first and
second electrical contacts 141, 142. The circuit 150 can be
configured to detect a first thermal change of the reaction site
144 due to the chemaical or biological reaction based on an
cllect of the thermal change on the nanotube 143.

In various embodiments, the nanotube 143 1s formed via
arc-discharge evaporation, chemical vapor deposition, cata-
lytic chemical vapor deposition, laser ablation, or template
synthesis. Any suitable type of nanotube 1s contemplated,
such as discussed above. For example, 1n various embodi-
ments, the nanotube 143 comprises a carbon nanotube, an
inorganic nanotube, a single-walled nanotube, or a multi-
walled nanotube.

Some methods include functionalizing the nanotube 143
to support the reaction site 144. In various embodiments,
functionalizing the nanotube comprises 1on-beam function-
alization or microwave-stimulated functionalization.

In various embodiments, the nanotube 143 1s exohedrally
functionalized. The reaction site 144 can be at an exterior of
the nanotube 143. In some embodiments, the nanotube 143
1s endohedrally functionalized. The reaction site 144 can be
at an interior of the nanotube 143.

Some methods include attaching a functional group 155 to
an end of the nanotube 143. The reaction site 144 can be
defined by the functional group 155. Some methods include
attaching the reaction site 144 to the functional group 155.

In some methods, the functional group 155 1s attached to
a sidewall of the nanotube 143. The reaction site 144 can be
defined by the functional group 155. In some instances,
methods 1nclude attaching the reaction site 144 to the
functional group 155. In some methods, the reaction site 144
1s covalently boded to the nanotube. Some methods include
attaching the reaction site 144 to a functional group 1335 that
1s covalently boded to the nanotube 143. In other methods,
the reaction site 1s noncovalently bonded to the nanotube.

In like manner, any suitable method may be employed to
achieve any of the arrangements for calorimetric sensors
discussed above with respect to FIGS. 1-19. Thus, where a
particular arrangement 1s described, a method may include
forming the appropriate components to achieve the arrange-
ment. As a further example, FIGS. 7 and 8 illustrate that in
some embodiments, one or more polymers 149 are oriented
about an exterior of the nanotube 143. Thus, some methods
include orienting one or more polymers 149 about an
exterior of the nanotube 1n any suitable manner.

Various methods of sensing a chemical or biological
reaction are also possible. For example, 1n some methods,
one or more of the calorimetric sensors discussed above with
respect to FIGS. 1-19 are used 1n manners apparent from the
foregoing descriptions. For example, 1n some instances, a
method of sensing a chemical or biological reaction com-
prises exposing a first nanotube 143 to a first thermal change
that takes place at a first reaction site 144 when the first
reaction site undergoes a first chemical or biological reac-
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tion, wherein the first nanotube 143 1s electrically coupled
with a first electrical contact 141 and a second electrical
contact 142. The method further comprises detecting that the
first thermal change has had an effect on the nanotube 143.

In some instances, detecting that the first thermal change
has had an eflect on the nanotube 1s accomplished via a
circuit 150 that 1s coupled with the first and second electrical
contacts 141 142. The nanotube 143 may be of any suitable
variety, such as those discussed above. In some embodi-
ments, the reaction site 144 comprises a molecule config-
ured to chemically interact with a target material, and the
method can include detecting the chemical interaction of the
target material with the molecule. In various embodiments,
the molecule comprises a polymer.

In some embodiments, the reaction site 144 comprises a
biological element configured to interact with an analyte,
and the method can include detecting the interaction of the
biological element with the analyte. In various embodi-
ments, the biological element comprises one or more of an
enzyme, an antibody, an antigen, a nucleic acid, a protein, a
cell receptor, an organelle, a microorganism, a tissue, or a
biologically derived material, a biomimic component.

In some methods, one or more additional reaction sites
144 that are each for a chemical or biological reaction are
supported by the nanotube 143. Methods can include detect-
ing a thermal change of one or more of the reaction sites 144
that are supported by the nanotube due to the chemical or
biological reaction at each of the one or more of the reaction
sites 144. In some methods, each of said detecting that the
first thermal change has had an effect on the nanotube 143
and said detecting a thermal change of one or more of the
reaction sites 144 that are supported by the nanotube 143 due

to the chemical or biological reaction at each of the one or
more of the reaction sites 144 1s accomplished via the circuit
150.

In some embodiments, one or more additional nanotubes
147 are oriented between the first and second electrical
contacts and one or more additional reaction sites 148 for a
chemical or biological reaction are supported by one of the
one or more additional nanotubes 147, as discussed above.

In some embodiments, the second nanotube 147 1s devoid of

any couplings to reaction sites for chemical or biological
reactions of a variety that would be detectable via the first
reaction site 144. In various embodiments, the second nano-
tube 1s non-functionalized or supports a second reaction site
148 that 1s for a second chemical or biological reaction that
1s diflerent from the first chemical or biological reaction for
which the first reaction site 144 1s configured.
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Certain methods include detecting a thermal change of 50

any of the reaction sites 144, 147 supported by any of the
nanotubes 143, 147 due to one or more chemical or bio-
logical reactions at one or more of the reaction sites based
on an eflect of the thermal change on any of the nanotubes.

In some 1nstances, detecting a thermal change of any of 55

the reaction sites supported by any of the nanotubes due to
one or more chemical or biological reactions at one or more
ol the reaction sites based on an eflect of the thermal change
on any of the nanotubes and said detecting that the first
thermal change has had an effect on the nanotube 1s accom-
plished via the circuit 150.

Some methods include determining a magnitude of the
change 1n the resistance of the nanotube 143 based on a
change in voltage across the first and second electrical

60

contacts. Some methods include determining a magnitude of 65

the change in the resistance of the nanotube based on a
change 1n current passing through the nanotube.
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Some methods include counteracting a change i the
resistance of the nanotube 143 so as to maintain the nano-
tube at a constant resistance. In some instances, each of said
counteracting a change 1n the resistance of the nanotube so
as to maintain the nanotube at a constant resistance and said
detecting that the first thermal change has had an effect on
the nanotube 1s accomplished via the circuit 150.

In some embodiments, the circuit 150 comprises a feed-
back circuit 156. Some methods can include counteracting,
via the feedback circuit 156, a change 1n the resistance of the
nanotube 143 by controlling a current within the feedback
circuit 156. Some methods include detecting a magnitude of
the thermal change of the reaction via a magnitude of a
change 1n the current used to maintain the nanotube 143 at
the constant resistance.

Some methods include detecting a thermal change of the
first reaction site 144 based on a diflerential measurement of
the first and second nanotubes 144, 147. In certain of such
methods, this 1s accomplished via a circuit 150. For
example, the circuit 150 may be one of the circuits 150
depicted 1n FIGS. 15-18.

In some methods, the differential measurement compares
a resistance of the first nanotube 143 with a resistance of the
second nanotube 147. In some methods, the differential
measurement compares a current tlow through the first
nanotube 143 with a current flow through the second nano-
tube 147. In some methods, the diflerential measurement
compares a voltage across the first and second electrical
contacts 141, 142 with a voltage across the third and fourth
electrical contacts 145, 146.

Some methods include counteracting a change in a first
resistance of the first nanotube 143 so as to maintain the first
nanotube at the first resistance and counteracting a change in
a second resistance of the second nanotube 144 so as to
maintain the second nanotube at the second resistance. In
some 1nstances, the first resistance and the second resistance
are the same prior to mitiation of the chemical or biological
reaction at the first reaction site 144. In other instances, the
first resistance and the second resistance are different from
cach other prior to mitiation of the chemical or biological
reaction at the first reaction site 144.

In some 1nstances, counteracting a change in the first
resistance of the first nanotube 143 1s accomplished by
controlling a first current within a first feedback circuit 156.
Counteracting a change in the second resistance of the
second nanotube 144 can be accomplished by controlling a
second current within a second feedback circuit 159.

In some methods, the differential measurement mentioned
above compares a magnitude of a change in the first current
used to maintain the first nanotube 143 at the first resistance
with a magnitude of a change in the second current used to
maintain the second nanotube 147 at the second resistance.

In some embodiments, multiple first nanotubes 143 are
oriented between and are electrically coupled with each of
the first and second electrical contacts 141, 142; multiple
first reaction sites 144 for the first chemical or biological
reaction are supported by one of the multiple first nanotubes;
multiple second nanotubes 147 are oriented between and are
clectrically coupled with each of the third and fourth elec-
trical contacts 145, 146; and multiple second reaction sites
148 for the second chemical or biological reaction are
supported by one of the one or more additional second
nanotubes 147, such as depicted, for example, 1n FIG. 20A.
Certain methods can include detecting a thermal change of
any of the reaction sites 144, 148 supported by any of the
nanotubes 143, 147 due to one or more chemical or bio-
logical reactions at one or more of the reaction sites based
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on an eflect of the thermal change on any of the nanotubes.
In some embodiments, one or more of the nanotubes 143,
147 each supports a plurality of reaction sites 144, 148 that
are each for a chemical or biological reaction.

In some 1nstances, one or more of the first and second
reaction site 144, 148 1s resettable. For example, in some
embodiments, the chemical or biological reaction is revers-
ible. Some methods can include returning a reaction site
144, 148 to a pre-reaction state via heating. In some embodi-
ments, the circuit 150 heats the first or second nanotube 143,
147 to thereby heat the reaction site 144, 148. For example,
the circuit 150 may pass a current through the first and/or

second nanotubes 143, 147.

In some embodiments, a reaction site 144, 148 can be
configured to be returned to a pre-reaction state via immer-
sion thereof in a medium. In various embodiments, the
medium can comprise a solvent, an acid, or an alkali.

FIG. 20B 1s a plan view of another embodiment that
includes a single reference sensor (reaction site 148) and a
set of other sensors (reaction sites 144). By scaling the
measurements made via reaction site 148, reaction site 148
can provide an accurate reference point for any number of
corresponding reaction sites 144. Thus, any number of
reference nanotube calorimetric sensors may be used with
any number of measurement nanotube calorimetric sensors.

In certain embodiments, a system 200 that can be used for
calorimetric sensing can include a plurality of any of the
calorimetric sensors described above. In various embodi-
ments, one or more of the varieties of sensors described
herein may be used. The sensors 100 may be arranged 1n an
array, such as the two-dimensional array illustrated 1in FIG.
21. In the illustrated embodiment, the plurality of sensors are
oriented 1n a first direction to form a two-dimensional array.
Readout electronics 171 may be in communication with
cach of the circuits 150 of each sensor. As 1n various
embodiments, each sensor may include a nanotube 143,
electrical contacts 141, 142, and a reaction site 144. In some
embodiments, the entire array may be on a single substrate
154. In other embodiments, one or more of the sensor within
the array may be on a different substrate.

As described herein, In some embodiments, a system for
calorimetric sensing includes a plurality of sensors that are
oriented 1n both a first direction and a second direction to
form a two-dimensional array.

With reference to FIG. 22 a system may include an array
ol switchable calorimetric sensors. Sensor electronics 150
may be 1n communication with each of the various sensors,
where each sensor includes a nanotube 143, electrical con-
tacts 141, 142, and a reaction site 144. Switches 40, 41 may
be controlled by a switch control 51. The switch control 51
may be in communication with sensor electronics and/or a
separate controller (not shown), such as a readout electronic
component. The switch control may selectively switch the
switch 40, 41 to selectively control which of the sensors 1s
used to provide data to the sensor electronics 150.

The switches may be used to sequentially read data from
cach of the sensors and/or selectively read data from only a
subset of sensors. The number of sensors and corresponding
switches may be increased or decreased. In some embodi-
ments, each sensor has only one switch, instead of two
switches as 1llustrated. In some embodiments, the switches
may be implemented by selective control of a current and/or
voltage provided to each of the sensors.

In some embodiments, a system for calorimetric sensing
includes a plurality of sensors. A processor may be electri-
cally coupled with the circuits of at least a plurality of the
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sensors. The sensors may be oriented 1n a first direction to
form a one-dimensional array.

With reference to FIGS. 23 A and 23B, 1n certain embodi-
ments, for at least one of the sensor elements 415, the
nanostructure 475 defines an arc between the first and
second electrical contacts 441, 442. In some embodiments,
such as that depicted in FIG. 23A, the arc shape may be
achieved by bending the substrate. In other embodiments,
such as that depicted in FIG. 23B, the arc shape may be
achieved by moving portions of the substrate toward each
other.

In some embodiments, the substrate and/or nanotube(s)
may be made to project or curve outward. In some embodi-
ments, the nanostructure may comprises an S shape or other
shape that allows the sensors on a nanotube to be spaced
closer together than the spacing of the electrical contacts for
cach respective sensor. For instances, the nanotubes may
curve or be bent such that that the sensors are clustered or
grouped near a center location, while the electrical contacts
are spaced (evenly or unevenly) farther apart.

With reference to FIG. 24, 1n some embodiments, for at
least one of the sensor elements 415, the nanostructure 475
comprises a V-shape. In some instances, the V-shape 1is
formed by buckling the nanostructure 475. For example, the
buckling 1s achieved via a damage process, such as, for
example, an 1on beam process. In some embodiments, the
buckling 1s achieved at a functionalized portion of the
nanostructure 475. Similar shapes and/or configuration are
possible for heaters and/or sensor/heater combinations.

With reference to FIG. 235, a plurality of reaction sites 144
connected to nanotubes 143 may be formed 1n an array. As
illustrated, each of the reaction sites 144 may extend ofl of
the substrate. The array may be two-dimensional, as illus-
trated, or the array may be one-dimensional. Fach of the
sensors may include a nanotube 143, electrical contacts 141,
142, and/or electrical leads 151, 152. Various sensor cir-
cuitry 150 and possibly unitying controller circuitry 52 may
be used to gather sensor data from the array of calorimetric
SEeNSors.

With reference to FIG. 26, 1n some embodiments, a
system 203 for calorimetric sensing includes a plurality of
sensors 100. A processor 230 1s electrically coupled with the
circuits 150 of at least a plurality of the sensors 100. In the
illustrated embodiment, the sensors 100 are oriented 1n both
a first direction and a second direction to form a two-
dimensional array 223.

In certain embodiments, a system can include an array of
sensors. The circuits of the sensors can be electrically
coupled with the processor. The system can further include
a display that can provide a pictorial representation of the
array via a computer system. Other or further suitable
readout or user interface mechanisms may be coupled with
the processor.

For the sake of brevity, conventional techniques for
computing, data entry, data storage, networking, and/or the
like may not be described in detail herein. Furthermore, the
connecting lines shown 1n various figures contained herein
are mntended to represent exemplary functional relationships
and/or communicative, logical, and/or physical couplings
between various elements. A skilled artisan will appreciate,
however, that many alternative or additional functional
relationships, physical connections, wireless connections, or
the like may be present 1n a practical implementation of the
systems or methods described.

Additionally, principles of the present disclosure may be
reflected 1n a computer program product on a computer-
readable storage medium having computer-readable pro-
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gram code means embodied in the storage medium. Any
suitable tangible, non-transitory computer-readable storage
medium may be utilized, including magnetic storage devices
(hard disks, floppy disks, and the like), optical storage
devices (CD-ROMs, DVDs, Blu-Ray discs, and the like),
flash memory, and/or the like. These computer program
instructions may be loaded onto a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions that execute on the computer or other program-
mable data processing apparatus create means for imple-
menting the functions specified. These computer program
instructions may also be stored n a computer-readable
memory that can direct a computer or other programmable
data processing apparatus to function 1n a particular manner,
such that the instructions stored in the computer-readable
memory produce an article of manufacture including imple-
menting means which implement the function specified. The
computer program instructions may also be loaded onto a
computer or other programmable data processing apparatus
to cause a series of operational steps to be performed on the
computer or other programmable apparatus to produce a
computer-implemented process, such that the instructions
which execute on the computer or other programmable
apparatus provide steps for implementing the functions
specified.

With reference to FIG. 27, certain embodiments, a system
205 can include an array 2235 of sensors 100. The circuits
150 of the sensors 100 can be electrically coupled with the
processor 230. In some embodiments, the array 225 of
sensors 100 1s formed on a single substrate 154 that 1s
common to all of the sensors 100. In the 1llustrated embodi-
ment, the processor 230 1s shown separate from the substrate
154. In other embodiments, the processor 230 may also be
formed on the substrate 154. In the illustrated embodiment,
cach sensor 100 includes a dedicated circuit 150.

With reference to FIG. 28, in some embodiments, a
system 206 may include multiple sensors 100, and each
sensor 100 may be electrically coupled with a circuit 150
that 1s common to all of the sensors 100 within the array 225.
It may be said that each sensor 100 within the array
comprises a circuit, given that each sensor 100 1s separately
connected to the circuit 150 via different electrical leads and
thus may be said to have a diflerent circuitous path relative
to the circuit 150. In some embodiments, the circuit 150 can
include a processor 230, such as discussed elsewhere herein.

In some embodiments, any of the systems 200, 201, 202,
203, 204, 205, 206 are configured to determine whether one
Oor more reactions occur at one or more of the sensors 100,
respectively, to determine one or more positions within the
respective array 220, 221, 222, 223, 224, 225 at which the
one or more reactions occur. In some embodiments, a system
200, 201, 202, 203, 204, 205, 206 1s configured to determine
one or more times at which one or more reactions occur at
one or more of the sensors 100, respectively. In some
embodiments, a system 200, 201, 202, 203, 204, 205, 206 1s
configured to determine information regarding one or more
of the position, reaction status, or reaction timing for each
sensor 100.

In certain embodiments, a system 200, 201, 202, 203, 204,
205, 206 1s configured to determine a gradient of an inten-
s1ve property. For example, the intensive property can be one
or more of the concentration of a reactant, the concentration
ol a catalyst, the concentration of an enzyme, or the con-
centration of a catalyst.

In certain embodiments, a system 200, 201, 202, 203, 204,
205, 206 1s configured to determine a distribution of an
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intensive property. In some embodiments, the system 1is
configured to determine an absolute value of the distribu-
tion. In some embodiments, the distribution 1s a relative
distribution. In various embodiments, the intensive property
can be one or more of the concentration of a reactant, the
concentration of a catalyst, the concentration of an enzyme,
the concentration of a catalyst, temperature, or pH.

In various embodiments, a system 200, 201, 202, 203,
204, 205, 206 1s configured to determine one or more of a
probability of reaction or a rate of reaction. In some embodi-
ments, each nanotube supports a plurality of reaction sites
144 and/or 148, as discussed above, and the system can be
configured to determine a probability of reaction at one or
more of the sensors 100. In some embodiments, each
nanotube supports a plurality of reaction sites, and the
system 1s configured to determine a rate of reaction at one or
more of the sensors.

In various embodiments, the processor 230 performs one
or more ol the functions described above. For example, 1n
various embodiments, 1t 1s the processor 230 that 1s config-
ured to determine whether one or more reactions occur at
one or more of the sensors 100, respectively, to determine
one or more positions within the array at which the one or
more reactions occur. As a further example, the processor
230 may be configured to determine one or more times at
which one or more reactions occur at one or more of the
sensors, respectively. In some embodiments, the processor
230 1s configured to determine information regarding one or
more of the position, reaction status, and reaction timing for
cach sensor. The processor 230 can be configured to deter-
mine a gradient based on the information.

As previously mentioned, the systems 200, 201, 202, 203,
204, 205, 206 can include any of the sensors 100-116
discussed above. In some embodiments, each nanotube of
the sensors within an array supports a plurality of reaction
sites. The processor 230 can be configured to determine a
magnitude of reactions that occur at one or more of the
SEeNSors.

In some embodiments of the systems 200, 201, 202, 203,
204, 205, 206 each sensor comprises a nanotube electrically
coupled with and oriented between a first electrical contact
and a second electrical contact, and the nanotube supports a
reaction site for a chemical or biological reaction. A circuit
coupled with the first and second electrical contacts can be
configured to detect a first thermal change of the reaction site
due to the chemaical or biological reaction based on an eflect
of the thermal change on the nanotube. The reaction sites of
the sensors can be configured for use 1n the same variety of
chemical or biological reaction.

In some embodiments of the systems 200, 201, 202, 203,
204, 205, 206 cach sensor comprises a nanotube electrically
coupled with and oriented between a first electrical contact
and a second electrical contact, wherein the nanotube sup-
ports a reaction site for a chemical or biological reaction. A
circuit coupled with the first and second electrical contacts
can be configured to detect a first thermal change of the
reaction site due to the chemical or biological reaction based
on an eflect of the thermal change on the nanotube. The
reaction site of each sensor can be configured for use in a
different variety of chemical or biological reaction, as com-
pared with at least one of the remaining sensors.

In some embodiments of the systems 200, 201, 202, 203,
204, 205, 206 cach sensor comprises a nanotube electrically
coupled with and oriented between a first electrical contact
and a second electrical contact, and the nanotube supports a
reaction site for a chemical or biological reaction. A circuit
coupled with the first and second electrical contacts can be
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configured to detect a first thermal change of the reaction site
due to the chemical or biological reaction based on an eflect
of the thermal change on the nanotube. A first group that
includes one or more sensors can be configured for use 1n a
first variety of chemical or biological reaction and a second
group that includes one or more sensors 1s configured for use
in a second variety ol chemical or biological reaction that 1s
different from the first varniety. In certain of such embodi-
ments, the first group of sensors does not include any sensors
that are 1 the second group of sensors. An illustrative
example of first and second groups 251, 252 of sensors 100
1s depicted in FIG. 27. Other patterns of the first and second
groups 251, 252 are possible.

Various methods of sensing a chemical or biological
reaction can utilize any of the systems 200, 201, 202, 203,
204, 205, 206 discussed above, including the examples
thereol depicted 1n the drawings. Some methods include the
exposing of a first nanotube of a first sensor within a sensor
array to a first thermal change that takes place at a first
reaction site when the first reaction site undergoes a first
chemical or biological reaction. The methods can further
include detecting that the first thermal change has had an
cllect on the first nanotube.

Some methods imnclude determining whether one or more
reactions occur at one or more reaction sites within the
sensor array, respectively, to determine one or more posi-
tions within the sensor array at which the one or more
reactions occur. Other or further methods include one or
more of determining one or more times at which one or more
reactions occur at one or more of the sensors of the sensor
array, respectively; determining information regarding one
or more of the position, reaction status, or reaction timing for
cach sensor of the sensor array; determining a gradient based
on the information; determining a probability of reaction at
one or more of the sensors of the sensor array; or determin-
ing a rate of reaction at one or more of the sensors of the
SeNnsor array.

In certain embodiments, each sensor within the sensor
array comprises one or more nanotubes that are oriented
between a pair of electrical contacts, wherein each nanotube
supports a reaction site configured for the first chemical or
biological reaction, and wherein the reaction site of each
sensor 1n the array 1s configured for use 1n the same variety
of chemical or biological reaction, as compared with the
remaining sensors. Some methods 1include detecting a plu-
rality of instances of the first chemical or biological reaction
via a plurality of the sensors.

In some embodiments, each sensor within the sensor array
comprises one or more nanotubes that are oriented between
a paitr of electrical contacts, wherein each nanotube supports
a reaction site configured for a different variety of chemaical
or biological reaction, as compared with at least one of the
remaining sensors. Some methods mclude detecting differ-
ent chemical or biological reactions via a plurality of the
sensors within the sensor array.

In some embodiments, each sensor within the sensor array
comprises one or more nanotubes that are oriented between
a pair of electrical contacts, wherein each nanotube supports
a reaction site, wherein a first group that includes one or
more sensors 1s configured for use 1 a first variety of
chemical or biological reaction, and wherein a second group
that includes one or more sensors 1s configured for use 1n a
second variety of chemical or biological reaction that 1s
different from the first variety. Some methods can include
detecting one or more instances of the first chemical or
biological reaction via the first group of sensors and detect-
ing one or more istances of the second chemical or bio-
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logical reaction via the second group of sensors. In further
embodiments, the first group of sensors does not include any
sensors that are 1n the second group of sensors.

In certain embodiments, a sensor may comprise a sub-
strate, a thermal member spaced from the substrate, and a
first nanotube oriented between the substrate and the thermal
member. The {irst nanotube may be in thermal contact with
the thermal member. The sensor may further comprises a
circuit coupled with the first nanotube. The circuit can be
configured to detect a thermal change 1n the thermal member
via a change relative to the nanotube. In certain embodi-
ments, the first nanotube may further be in thermal contact
with the substrate.

In some embodiments, the sensor may include one or
more electrical leads that electrically couple the nanotube to
the circuit. The electrical leads may be electrically coupled
to opposite ends of the nanotube. One of the electrical leads
may be substantially parallel to a surface of the substrate.
The other electrical lead may include a portion that is
supported by a support structure. The support structure may
be formed in any suitable manner, such as via any suitable
microfabrication technique discussed above. In some
embodiments, the support structure may be an extension of
the substrate. The support structure may be 1n close prox-
imity or in contact with the nanotube. For example, 1n some
embodiments, the support structure may support the nano-
tube. Other suitable arrangements are possible.

In some embodiments, the first nanotube assists in sus-
pending the thermal member relative to the substrate to
maintain spacing between the thermal member and the
substrate. For example, the thermal member may be at a
position below the substrate, with gravitational forces pull-
ing the thermal member downwardly away from the sub-
strate 1n the illustrated orientation. At least a portion of the
nanotube can be 1n tension and counteract the gravitational
forces to suspend the thermal member.

In various embodiments, a thermal member may be at a
position above the substrate, with gravitational forces pull-
ing the thermal member downwardly toward the substrate 1n
the illustrated orientation. At least a portion of the nanotube
can be i1n compression and counteract the gravitational
forces to suspend the thermal member above the substrate.
In various embodiments, either the upward suspension or
downward suspension orientation 1s possible. In some
embodiments, one orientation may be preferable over the
other. In still further embodiments, only one of the orienta-
tions may function properly.

In some embodiments, the first nanotube fully suspends
the thermal member relative to the substrate to maintain
spacing between the thermal member and the substrate. In
other embodiments, one or more support structures may
assist the first nanotube in suspending the thermal member.
For example, rather than having a spacing between the
support structure and the thermal member, at least a portion
of the thermal member may contact and be supported by the
support structure.

In certain embodiments, the circuit 1s configured to detect
a change 1n resistance of nanotube due to a heat-related
change to the thermal member. In certain of such embodi-
ments, the heat-related change 1s a heat input to the thermal
member. In other or further embodiments, the heat-related
change 1s a heat removal from the thermal member.

In various embodiments, the thermal member comprises
a platform, a bead, etc. In other or further embodiments, the
thermal member comprises an etched element. In various
embodiments, the thermal member comprises one or more
of silicon or silicon dioxide.
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In some embodiments, the thermal member comprises an
absorptive element. In some embodiments, the sensor 1is
configured to function as a bolometer. In some embodi-
ments, the sensor 1s configured to function as a calorimeter.

In some embodiments, thermal member has a maximum
dimension that 1s no less than about 10, 100, or 1,000 times
greater than a maximum dimension of the first nanotube. For
example, the maximum dimension of the thermal member
may be its width, and the maximum dimension of the first
nanotube may be 1ts length.

In some embodiments, the change relative to the nanotube
mentioned above comprises a change 1n a resistance of the
nanotube due to a change in temperature of the nanotube.
The change may be an increase or a decrease 1n temperature.
In some embodiments, the circuit 1s configured to determine
a magnitude of the change 1n the resistance of the nanotube
based on a change in voltage. In certain embodiments, the
circuit 1s configured to determine whether or not any change
in the thermal member occurs by determining whether or not
a voltage across the nanotube changes.

In some embodiments, the circuit 1s configured to deter-
mine a magnitude of the change in the resistance of the
nanotube based on a change 1n current passing through the
nanotube. In certain embodiments, the circuit 1s configured
to determine whether or not any change in the thermal
member occurs by determiming whether or not a current
passing through the nanotube changes.

In some embodiments, the circuit 1s configured to deter-
mine a magnitude of the change 1n resistance of the nanotube
343 based on a change 1n power dissipated 1n the circuit. In
certain embodiments, the circuit 1s configured to determine
whether or not any change 1n the thermal member occurs by
determining whether or not a level of power dissipated in the
circuit changes.

In some embodiments, the circuit 1s configured to coun-
teract a change 1n the resistance of the nanotube so as to
maintain the nanotube at a constant resistance.

FIG. 29A 1s an elevation view of an embodiment of a
sensor that includes a nanotube 143 coupled with a thermal
or absorptive member 44. A coating 45 may attach the
nanotube to the absorptive member 44. Supports and/or
clectrical contacts 141, 142 may connect the sensor to a
substrate 154. The thermal or absorptive member 44 may
comprise an absorptive element to allow the sensor to
function as a bolometer.

For example, the absorptive member 44 may be a ther-
mally absorptive material and/or a material sensitive to some
type of radiation, such as electromagnetic radiation like
ultraviolet or infrared. For instance, the absorptive material
may convert electromagnetic radiation to heat, and an
increased temperature may be communicated by the sensor
to readout electronics.

FIG. 29B 1s an elevation view of an embodiment of a
calorimetric sensor that includes a nanotube 143 that is
coupled to an absorptive material 44, and optionally
includes a coating member 45. In the illustrated embodi-
ment, the absorptive material 44 1s supported by thermally
1solating mechanical supports 18. A gap 1n the substrate 154
may allow for increased exposure to the absorptive maternal
44 from both above and below.

FIG. 29C 1s a plan view of a nanotube 143 connected to
clectrical and/or supporting contacts 141, 142. The nanotube
13 may span a cutout 24 1n a substrate 154.

In some embodiments, a sensor includes a circuit that
comprises a feedback circuit. The feedback circuit can be
configured to counteract a change in the resistance of the
nanotube by controlling a current within the feedback cir-
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cuit. In some embodiments, a magnitude of the thermal
change 1n the thermal member 1s detected via a magnitude
of a change 1n the current used to maintain the nanotube at
the constant resistance.

In some embodiments, the circuit 1s configured to main-
tain a constant voltage across the nanotube. For example, in
some arrangements, this can be accomplished via the elec-
trical leads that are positioned at opposite ends of the
nanotube. In other embodiments, the electrical leads may be
positioned at other regions of the nanotube and/or additional
clectrical leads at positioned at additional regions are pos-
sible. In some embodiments, changes 1n the circuit that aid
in maintaining the constant voltage are used to determine
whether or not a thermal change in the thermal member
occurs. In some embodiments, changes 1n the circuit that aid
in maintaining the constant voltage are used to determine a
magnitude of the thermal change 1n the thermal member.

In some embodiments, the circuit 1s configured to pass a
constant current through the nanotube. In certain of such
embodiments, changes 1n the circuit that aid 1n maintaining
the constant current are used to determine whether or not a
thermal change in the thermal member occurs. In some
embodiments, changes 1n the circuit that aid 1n maintaining
the constant current are used to determine a magnitude of the
thermal change in the thermal member.

In some embodiments, the circuit 1s configured to dissi-
pate a constant power. In certain of such embodiments,
changes in the circuit that aid 1n maintaining the constant
power are used to determine whether or not a thermal change
in the thermal member occurs. In some embodiments,
changes 1n the circuit that aid 1n maintaining the constant
power are used to determine a magnitude of the thermal
change 1n the thermal member.

In some embodiments, a sensor includes a conducting
lead 1in thermal contact with the thermal member, and the
circuit 1s coupled with the conducting lead. In some embodi-
ments, the conducting lead comprises the electrical lead,
which 1s also electrically coupled with the first nanotube. In
some embodiments, a portion of the conducting lead 1s
clectrically and thermally coupled with the thermal member.

In some embodiments, the conducting lead comprises a
second nanotube that has different thermoelectric properties
than those of the first nanotube. In some embodiments, a
single electrical lead may connect the second nanotube with
the circuit. In other embodiments, a portion (e.g., an end) of
the second nanotube may be electrically coupled with the
circuit directly. In still other embodiments, two electrical
leads may couple the second nanotube to the circuit. In some
embodiments, the electrical leads may be at opposite ends of
the second nanotube.

In some embodiments, the conducting lead comprises a
silicon bridge. In some embodiments, the silicon bridge may
also serve as a support structure.

In some embodiments, the conducting lead can comprise
a metallic conductor, such as, for example the electrical lead.
In the illustrated embodiment, the electrical lead 1s sup-
ported by the support structure such that a portion thereof 1s

supported 1n thermal contact with the support structure.

In various embodiments of the sensors, the circuit 1s
configured to detect a change 1n thermoelectric voltage. In
some embodiments, the circuit 1s configured to detect a
change 1n voltage between the first nanotube and the con-
ducting lead. In some embodiments, the change 1n thermo-
clectric voltage 1s proportional to a temperature difference
between the thermal member and the substrate.
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The conducting lead can be 1n thermal contact with the
substrate. In some embodiments, the conducting lead 1s
clectrically coupled to the first nanotube.

In various embodiments ol the sensors, the thermal
change 1n the thermal member comprises heat mput due to
an absorption of one or more photons by the thermal
member. In other or further embodiments, the thermal
change 1n the thermal member comprises heat removal due
to an emission ol one or more photons by the thermal
member.

In various embodiments, the thermal change in the ther-
mal member comprises heat mput due to an adsorption of
one or more atoms onto a surface of the thermal member. In
other or further embodiments, the thermal change 1n the
thermal member comprises heat removal due to an adsorp-
tion of one or more atoms onto a surface of the thermal
member.

In various embodiments, the thermal change in the ther-
mal member comprises heat mput due to an adsorption of
one or more molecules onto a surface of the thermal mem-
ber. In other or further embodiments, the thermal change in
the thermal member comprises heat removal due to an
adsorption of one or more molecules onto a surface of the
thermal member.

In various embodiments, the thermal change in the ther-
mal member comprises heat mnput due to chemical binding,
of one or more atoms to the thermal member. In other or
turther embodiments, the thermal change in the thermal
member comprises heat removal due to chemical binding of
one or more atoms to the thermal member.

In various embodiments, the thermal change 1n the ther-
mal member comprises heat mput due to chemical binding
ol one or more molecules to the thermal member. In other or
turther embodiments, the thermal change in the thermal
member comprises heat removal due to chemical binding of
one or more molecules to the thermal member.

In some embodiments, a sensor includes a thermal mem-
ber that comprises a reaction site. In some embodiments, the
reaction site 1s configured for a chemical reaction and
includes an atom configured to chemically interact with a
target material. In some embodiments, the reaction site 1s
configured for a chemical reaction and includes a molecule
configured to chemically interact with a target material.

In some embodiments, the reaction site 1s configured for
a biological reaction. In certain of such embodiments, the
reaction site comprises a biological element configured to
interact with an analyte. In various embodiments, the bio-
logical element comprises one or more ol an enzyme, an
antibody, an antigen, a nucleic acid, a protein, a cell receptor,
an organelle, a microorganism, a tissue, a biologically
derived material, or a biomimic component.

Certain embodiments of a sensor include one or more
additional thermal members spaced from the substrate that
are each i1n thermal contact with an additional nanotube,
respectively. Each thermal member comprises a reaction site
such that the sensor comprises a plurality of reaction sites.
In some embodiments, the circuit comprises and/or 1s con-
nected to a processor that can function 1n manners such as
described above. In certain embodiments, the plurality of
reaction sites are arranged in an array. In the illustrated
embodiment, the plurality of reaction sites are oriented 1n a
first direction to form a one-dimensional array. In other
embodiments ol a sensor, a plurality of reaction sites are
oriented 1n both a first direction and a second direction to
form a two-dimensional array. The sensors can be config-
ured to determine whether one or more reactions occur at
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one or more of the reaction sites, respectively, to determine
a proportion of the reaction sites at which a reaction occurs.

In some embodiments, a sensor 1s configured to determine
a probability of reaction. In other or further embodiments, a
sensor 1s configured to determine a rate of reaction.

Any suitable method for manufacturing any of the fore-
going sensors 1s contemplated. Some methods include ori-
enting a first nanotube between a substrate and a thermal
member that are spaced from each other. The methods
turther include thermally contacting the first nanotube to the
thermal member and coupling a circuit with the first nano-
tube. The circuit can be configured to detect a thermal
change 1n the thermal member via a change relative to the
nanotube. Certain methods include placing the first nanotube
in thermal contact with the substrate.

Various methods can include arranging the various com-
ponents of the sensors 1n any of the arrangements discussed
above. Further, any suitable materials may be used 1n the
processes, including those discussed above.

For example, some methods include placing a conducting
lead 1 thermal contact with the thermal member and cou-
pling the circuit with the conducting lead. In some instances,
the conducting lead comprises a second nanotube that has
different thermoelectric properties than those of the first
nanotube. In some 1nstances, the conducting lead comprises
a silicon bridge. In some instances, the conducting lead
comprises a metallic conductor.

Certain methods are now described for detecting a calo-
rimetric or bolometric change. In some instances one or
more of the sensors described herein may be used in the
methods. Any process or function for which one or more
components of the sensors are configured can be achieved
during the course of the methods.

Some methods for detecting a calorimetric or bolometric
change include subjecting a thermal member to a thermal
change. The thermal member can be spaced from a substrate.
The first nanotube can be oriented between the thermal
member and the substrate, and the first nanotube can be 1n
thermal contact with the thermal member. The methods can
include detecting a thermal change in the thermal member
via a change relative to the nanotube.

Some methods also include detecting a change in resis-
tance of nanotube due to a heat-related change to the thermal
member. The heat-related change can be a heat input to the
thermal member or a heat removal from the thermal mem-
ber.

Some methods include determining a magnitude of the
change in the resistance of the nanotube based on a change
in voltage. Some methods include determining whether or
not any change 1n the thermal member occurs by determin-
ing whether or not a voltage across the nanotube changes.
Some methods include determining a magmtude of the
change in the resistance of the nanotube based on a change
in current passing through the nanotube. Some methods
include determining whether or not any change in the
thermal member occurs by determining whether or not a
current passing through the nanotube changes. Some meth-
ods 1include determining a magnitude of the change 1n
resistance of the nanotube based on a change in power
dissipated in the circuit. Some methods include determining
whether or not any change 1n the thermal member occurs by
determining whether or not a level of power dissipated 1n the
circuit changes.

Some methods include counteracting a change in the
resistance of the nanotube so as to maintain the nanotube at
a constant resistance. In some instances, the sensor com-
prises a feedback circuit, the method further includes coun-
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teracting a change i1n the resistance of the nanotube by
controlling a current within the feedback circuit. In some
instances, a magnitude of the thermal change 1n the thermal
member 1s detected via a magnitude of a change 1n the
current used to maintain the nanotube at the constant resis-
tance.

In some embodiments, the sensor comprises a circuit, and
methods can include maintaining a constant voltage across
the nanotube via the circuit. Some methods include using,
changes in the circuit that aid 1n maintaining the constant
voltage to determine whether or not a thermal change 1n the
thermal member occurs. Some methods include using
changes 1n the circuit that aid 1n maintaining the constant
voltage to determine a magnitude of the thermal change in
the thermal member.

In some embodiments in which the sensor comprises a
circuit, some methods can include passing a constant current
through the nanotube via the circuit. Some methods include
using changes in the circuit that aid in maintaining the
constant current to determine whether or not a thermal
change in the thermal member occurs. Some methods
include using changes 1n the circuit that aid 1n maintaining
the constant current to determine a magnitude of the thermal
change 1n the thermal member.

In some embodiments 1n which the sensor comprises a
circuit, some methods can include dissipating a constant
power via the circuit. Some methods include using changes
in the circuit that aid 1n maintaining the constant power to
determine whether or not a thermal change 1n the thermal
member occurs. Some methods include using changes 1n the
circuit that aid 1n maintaining the constant power to deter-
mine a magnitude of the thermal change in the thermal
member.

In some embodiments, the sensor includes a conducting
lead 1 thermal contact with the thermal member and a
circuit electrically coupled with the conducting lead. The
conducting lead can comprise one or more of a second
nanotube that has different thermoelectric properties than
those of the first nanotube, a silicon bridge, or a metallic
conductor 1n various embodiments. Some methods 1nclude
detecting a change in thermoelectric voltage via the circuit.
The circuit may be configured to detect a change 1n voltage
between the first nanotube and the conducting lead. The
change 1n thermoelectric voltage may be proportional to a
temperature difference between the thermal member and the
substrate.

In some methods, the thermal change in the thermal
member comprises heat input due to an absorption of one or
more photons by the thermal member and/or heat removal
due to an emission of one or more photons by the thermal
member. In some methods, the thermal change in the ther-
mal member comprises heat mput due to an adsorption of
one or more atoms onto a surface of the thermal member. 1n
some methods, the thermal change in the thermal member
comprises heat removal due to an adsorption of one or more
atoms onto a surface of the thermal member. In some
methods, the thermal change 1n the thermal member com-
prises heat mput due to an adsorption of one or more
molecules onto a surface of the thermal member. In some
methods, the thermal change 1n the thermal member com-
prises heat removal due to an adsorption of one or more
molecules onto a surface of the thermal member. In some
methods, the thermal change 1n the thermal member com-
prises heat mput due to chemical binding of one or more
atoms to the thermal member. In some methods, the thermal
change in the thermal member comprises heat removal due
to chemical binding of one or more atoms to the thermal
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member. In some methods, the thermal change in the ther-
mal member comprises heat mnput due to chemical binding
ol one or more molecules to the thermal member. In some
methods, the thermal change 1n the thermal member com-
prises heat removal due to chemical binding of one or more
molecules to the thermal member.

In some embodiments, a plurality of thermal members
include a plurality of reaction sites. The plurality of reaction
sites can be arranged 1n an array (e.g., one-dimensional or
two-dimensional). Some methods include determiming
whether one or more reactions occur at one or more of the
reaction sites, respectively, to determine a proportion of the
reaction sites at which a reaction occurs. Some methods
include determining a probability of reaction via the sensor.
Some methods include determining a rate of reaction via the
SENSor.

With reference to FIG. 30, in certain embodiments, a
heater can include an array 420 of heating elements 4135. In
some embodiments, each heating element 415 can include a
first electrical contact 441, a second electrical contact 442
spaced from the first electrical contact 441, and a nanostruc-
ture 475 electrically coupling the first electrical contact 441
to the second electrical contact 442. The nanostructure 4735
can be of any suitable variety, such as, for example, a
nanotube or a nanotube mesh. This 1s true of the nanostruc-
ture 475 described 1n any of the embodiments of heaters
discussed herein. A circuit 450 can be coupled with the array
420 of heating elements 415 to selectively address one or
more heating eclements 415 within the array. In some
embodiments, the heating elements 415 can be closely
spaced. For example, the heating elements 415 can be much
closer together than 1s illustrated i FIG. 30. In some
embodiments, the heating elements 4135 and the circuit 450

are formed on a substrate 454 of any suitable variety, such
as those discussed above.

In the illustrated embodiment, the first and second elec-
trical contacts 441, 442 of the array 420 of heating elements
415 are arranged 1n a first row 481 and a second row 482,
respectively. In some embodiments, the first and second
rows 481, 42 are parallel to each other. In some embodi-
ments, the array 420 of heating elements 415 comprises a
one-dimensional array.

A heater can include an array of heating elements that 1s
arranged as a two-dimensional array. In some embodiments,
a heater can include an 1solating element to 1solate at least
one of the sensing eclements from one or more of the
remaining heating elements of the array. In various embodi-
ments, the 1solating element comprises one or more of a
diode, a transistor, a resistor, a non-linear element, or a
switch.

In some embodiments, a heater may include multiple
arrays ol heating elements. Each heating element can
include a first electrical contact, a second electrical contact
spaced from the first electrical contact, and a nanostructure
clectrically coupling the first electrical contact to the second
clectrical contact. A circuit can be coupled with both arrays
of heating elements. Each array of heating elements may
comprise a one-dimensional array and the arrays may be
oriented 1n two dimensions. In some embodiments, each
array 1s oriented in a different direction relative to the other
array. Some embodiments may include a single row and a
single column of heating elements. Other embodiments have
multiple rows and/or columns of heating elements.

In certain embodiments of a heater, for at least one of the
heating elements 1n an array, the nanostructure 475 that
clectrically couples the first electrical contact to the second
clectrical contact consists of a single nanotube that 1is
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oriented between the first and second electrical contact. For
cach heating element 1n the array, the nanostructure 475 may
comprise a single nanotube that 1s oriented between the first
and second electrical contacts.

With reference to FIG. 31, in some embodiments of a
heater 403, for at least one of the heating elements (and/or
sensor elements) 415 1n an array 424, the nanostructure 475
comprises a nanotube mesh 476 that 1s oriented between the
first and second electrical contacts 441, 442. In the 1illus-
trated embodiment, the nanostructure 475 of each heating
clement 415 comprises a separate nanotube mesh 476 that 1s
oriented between the first and second electrical contacts.

With reference to FIG. 32, 1n some embodiments of a
heater/sensor 405, a single nanotube mesh 476 1s oriented
between the first and second electrical contacts 441, 442 of
a plurality of the heating elements 415 1n an array 425 of
heating elements 415. For example, the nanostructure of
cach of the plurality of heating elements can comprise the
nanotube mesh. Other heating elements may have other
nanostructures situated between the first and second electri-
cal contacts thereof.

In some embodiments of a heater, a single nanotube mesh
1s oriented between the first and second electrical contacts of
cach of the heating elements 1n an array of heating elements.

In some embodiments, for at least one of the heating
clements 1n the array, the nanostructure comprises multiple
individual nanotubes that are oriented between the first and
second electrical contacts. For example, an arrangement of
a plurality of nanotubes can be oriented between the first and
second electrical contacts in a manner such as that in which
the nanotubes are oriented between the first and second
clectrical contacts.

In certain embodiments, for at least one of the heating
elements, the nanostructure defines an arc between the first
and second electrical contacts.

In some embodiments of a heater, for at least one of the
heating elements, the nanostructure comprises an S-shape.
Each nanostructure may define an S-shape over a full length
thereol. In other embodiments, only some of the nanostruc-
tures and/or only a portion of each nanostructure defines an
S-shape. The first and second electrical contacts may be on
separate portions of a substrate that are moveable relative to
one another. As discussed further below, 1n some instances,
the S-shapes can be formed by situating the nanostructure
between the electrical contacts, such as in a substantially
linear orientation, and moving the substrate portions toward
one another and transversely relative to one another. In the
illustrated embodiment, the nanostructures can be electri-
cally coupled with a circuit 1n any suitable manner. The
clectrical leads can resemble other electrical leads disclosed
and discussed herein.

In some embodiments, for at least one of the heating
clements, the nanostructure comprises a V-shape. In some
instances, the V-shape 1s formed by buckling the nanostruc-
ture. For example, the buckling 1s achieved via a damage
process, such as, for example, an 10on beam process. In some
embodiments, the buckling 1s achieved at a functionalized
portion of the nanostructure.

In various embodiments, for at least one of the heating
clements, the nanostructure comprises one or more nano-
tubes that are bent. In some embodiments, for at least one of
the heating elements, the nanostructure comprises one or
more nanotubes that are twisted. Such twisted nanotubes
may be present in a nanotube mesh.

In some embodiments, the nanostructures for at least a
plurality of the heating elements are coplanar. In some
embodiments, the first and second electrical contacts of a
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heating element are spaced from each other by a separation
distance SD. The nanostructure of the heating element can
comprise one or more ndividual nanotubes, and an unsup-
ported length of each nanotube that 1s oriented between the
first and second electrical contacts 1s greater than the sepa-
ration distance SD. In some embodiments, the length of each
nanotube 1s no less than 1.5 times the separation distance
SD.

In some embodiments, the nanostructures ol adjacent
heating elements are spaced from each other by a first
amount D1 at a position at which the nanostructures are
connected to the first electrical contacts of the adjacent
heating elements. The nanostructures can be spaced from
cach other by a second amount D2 that 1s smaller than the
first amount D1 at a position that 1s between the first and
second electrical contacts of the adjacent heating elements.
In some embodiments, the nanostructures are spaced from
cach other by the second amount D2 that 1s smaller than the
first amount D1 at a position that 1s midway between the first
and second electrical contacts of the adjacent heating ele-
ments 415.

In at least one embodiment, at least one of the heating
clements has a longitudinal axis LA oriented between the
first and second electrical contacts. The nanostructure can
comprise one or more mdividual nanotubes of which at least
a portion 1s oriented at an angle relative to the longitudinal
axis LA.

With reference to FIG. 33, 1n some embodiments, for at
least one of the heating elements 415, the nanostructure 475
1s oriented over or through a separate structure 490 to
achieve a predetermined spacing and/or a predetermined
configuration relative to one or more nanostructures 475 of
one or more adjacent heating eclements 415. In various
embodiments, the separate structure 490 comprises a micro-
fabricated or nanofabricated element. In some embodiments,
such as that i1llustrated 1n FI1G. 33, the separate structure 490
comprises a comb structure 491. With reference to FIG. 34,
in some embodiments, the separate structure 490 comprises
a sawtooth structure 492. In some embodiments, the separate
structure 490 comprises a grooved structure, such as, for
example, a structure that includes rectangular or triangular
grooves such as those depicted in FIGS. 33 and 34.

With reference to FIG. 35, in some embodiments, the
separate structure 490 comprises one or more openings 493,
The nanotructures 475 can be oriented through the openings
493.

With reference to FIG. 36, in some embodiments, the
separate structure 490 comprises a cylindrically surfaced
structure 494. In certain of such embodiments, the structure
490 can be configured to support a bowed or arced nano-
structure 4735. The structures 490 may be formed of any
suitable material, such as, for example, a material from
which the substrate 454 1s formed.

In some embodiments, the predetermined configuration
achieved via assistance from the separate structure 490
comprises an S-shape or a V-shape. For example, one or
more of the structures 490 depicted 1n FIGS. 33-35 can be
used to achieve an arrangement of nanostructures 475 such
as that depicted 1n FIG. 24.

In some embodiments, the predetermined configuration
achieved wvia assistance from the separate structure 490
comprises an arc. For example, an arrangement such as that
depicted 1in FIG. 36 may be achieved via the structure 494.

Certain of the arrangements described herein permit a
portion of the nanostructures to project outwardly from the
contacts and or the substrate. This may permit an active
region of the heaters to come into closer proximity to a
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region that 1s being targeted for heating. In other or further
embodiments, a higher concentration of heating portions of
the nanostructures 1s achieved, such as when the distance D2
1s less than the distance D1. Such an arrangement may
provide for more eflicient heating at a specific region of the
nanostructure, or more generally, at a specific region of the
heaters.

In some embodiments of the heaters 400-407, each nano-
structure 475 may be accessed individually. In certain
embodiments, each nanostructure 4735 1s sufliciently 1solated
from the remaining nanostructures so as to be individually
addressable and/or controllable via one or more of the first
and second contacts 441, 442 to which it 1s electrically
coupled. In some embodiments, each nanostructure 475 1s
configured to be individually addressable and/or control-
lable via one or more current sources of any suitable variety.
For example, as depicted 1n FIG. 37, some embodiments of
a heater 408 include one or more current sources 495 that
can be used to individually address and/or control any of the
nanostructures 475. In some instances, the circuit 450 may
be used to control delivery of current from the current source
495. In some embodiments, each nanostructure 475 1s con-
figured to be mndividually addressed via one or more mea-
surement circuits. For example, with continued reference to
FI1G. 37, 1n some embodiments, the circuit 450 can include
one or more measurement circuits 496 that are configured to
measure specific properties of the heating elements 415. In
some embodiments, each nanostructure 475 1s configured to
be individually controlled to characterize one or more prop-
erties thereol. In some 1nstances, the one or more properties
comprise a resistance of a nanostructure 475.

With reference to FIGS. 38-39, 1n various embodiments,
a heater 409, 410, 411 comprises an array of heating
clements 415 that comprises a matrix arrangement for
tacilitating the selective addressing of one or more heating
clements 415 within the array. In some embodiments, for a
first subset of the heating elements 415 of the array, the first
clectrical contact 441 of each heating element comprises a
common electrical contact with which the nanostructure 473
of each heating element 1s electrically coupled. For example,
in FIG. 52, a subset of heating elements 415 includes the
nanostructures 475a, 4755, 475¢, which are connected to a
common electrical contact 441q. Similarly, in FIG. 53, a
subset of heating elements 415 1ncludes the nanostructures
475a, 475b, 475¢, which are connected to a common elec-
trical contact 498a. A subset of heating elements may
include nanostructures connected to a common electrical
contact.

With reterence to FIG. 38, in some embodiments, for the
first subset of the heating elements 415 of the array, the
second electrical contact 442 of each heating element com-
prises a separate electrical contact that 1s electrically 1solated
from the second electrical contact of each remaining heating
clement of the first subset. For example, for the first subset
of heating elements 4135 that includes the nanostructures
475a, 475b, 475¢, the second electrical contacts include the
separate contacts 442a, 4425, 442c¢, respectively. Further, 1n
the 1llustrated embodiment, each second electrical contact of
the heating elements of the first subset 1s electrically coupled
with an additional electrical contact 497a, 49756, 497 ¢ that 1s
clectrically coupled with one or more heating elements that
are not within the first subset. For example, the electrical
contacts 497a, 497b, 497 ¢ are electrically coupled with the
nanostructures 475d, 475g; 475¢, 475h; and 475/, 475i,
respectively.

With continued reference to FIG. 38, each of the second
clectrical contacts of the heating elements of the first subset
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1s electrically coupled with the corresponding additional
electrical contact 497a, 4975, 497¢ via an electrical inter-
connector 498. In various embodiments, the electrical inter-
connector 498 for one or more of the heating elements 415
of the first subset comprises a nanotube.

In some embodiments, the electrical interconnector 498
for one or more of the heating elements 415 of the first
subset comprises an 1solating element 483 to prevent sneak
paths for current flow. In some embodiments, the 1solating
clement 483 comprises a diode.

With continued reference to FIG. 38, for a second subset
of the array of heating elements that 1s diflerent from the first
subset, the second electrical contact of each heating element
within the second subset comprises a second common
clectrical contact with which the nanostructure of each
heating element within the second subset i1s electrically
coupled. For example, a second subset of the heating ele-
ments 415 could include the nanostructures 475a, 4754,
475¢g. The second electrical contact for each of these nano-
structures can comprise the electrical contact 497a, which 1s
clectrically coupled with the electrical contacts 442a.

In the illustrated embodiment, the first common electrical
contact (e.g., the contact 441a) and the second common
clectrical contact (e.g., the electrical contact 497a) are
oriented substantially parallel to each other.

In FIG. 39, the first common electrical contact (e.g., 498a)
and a second common electrical contact (e.g., 497a) are
oriented substantially perpendicular to each other. In various
embodiments, the first common electrical contact (e.g.,
498a) and the second common electrical contact (e.g., 497a)
are oriented at a nonparallel, non-perpendicular angle rela-
tive to each other.

As shown 1n each of FIGS. 38-39, various matrix arrange-
ments each comprise a plurality of electrical contacts that
are each coupled with a plurality of the nanostructures of the
heating elements 415 of the array. At least a portion of the
plurality of electrical contacts can be oriented in one or more
columns or in one or more rows.

As shown 1n FIG. 39, in some embodiments, the plurality
of electrical contacts 497a, 4975, 497 ¢ and 498a, 4985, 498¢
are oriented 1n a plurality of columns and rows, respectively.
In some embodiments, the plurality columns and rows are
overlapping.

As shown 1n FIG. 39, 1n some embodiments, the plurality
of electrical contacts 497, 498 comprise subsets that overlap
cach other. The overlapping subsets can be electrically
isolated from each other in any suitable manner.

With reference generally to the heaters 400-411, 1n some
embodiments, the circuit 450 comprises one or more current
sources 4935 that are coupled with the first and second
contacts 441, 442 (and 498, 497) of the heating elements 415
to selectively pass current from the first electrical contacts
441 (and 498) to the second electrical contacts 442 (and
497), or vice versa.

In some embodiments, the circuit 450 1s configured to
measure one or more electrical properties of each nanostruc-
ture 475. In various embodiments, the electrical property
comprises one or more of a voltage across the nanostructure
475 and a resistance of the nanostructure 475.

In some embodiments, the circuit 450 1s configured to
measure one or more electrical properties of each pair of first
and second electrical contacts 441, 442. In various embodi-
ments, the electrical property comprises one or more of a
voltage between the electrical contacts and a resistance
between the electrical contacts 441, 442. In some of the
drawings discussed above, electrical leads that couple the
circuit 450 with other components of the heaters are not
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shown, but such lead arrangements can be understood from
those drawings 1n which the electrical leads are shown.

Any suitable method for manufacturing any of the fore-
going heaters 1s contemplated. Some methods include form-
ing an array of heating elements 415 such that each heating
clement 415 comprises a first electrical contact 441 (or 498),
a second electrical contact 442 (or 497), and a nanostructure
475 electrically coupling the first electrical contact to the
second electrical contact. The methods include coupling a
circuit 450 with the array of heating elements 415 such that
the circuit 450 1s configured to selectively address one or
more heating elements 415 within the array.

Various methods can include arranging the various com-
ponents of the heaters in any of the arrangements discussed
above. Further, any suitable materials may be used in the
processes, including those discussed above.

In some methods, forming an array of heating elements
415 comprises manipulating one or more nanotubes 443 to
be oriented between a first and a second electrical contact
441, 442. In some methods, the mampulating comprises
direct manipulation via one or more nanoprobes. For
example, 1n some instances, the one or more nanoprobes
comprise a nanotube having a movable tip. In some
instances, the one or more nanoprobes comprise nanotwee-
Zers.

In some methods, manipulating the one or more nano-
tubes 443 comprises orienting a plurality of nanotubes
between the first and a second electrical contact via dielec-
trophoretic assembly. In certain of such methods, forming
the array comprises 1solating an individual nanotube that 1s
oriented between the first and second electrical contacts.
Said 1solating can comprise 1solating an individual nanotube
from at least one adjacent nanotube. In some 1instances,
isolating an 1ndividual nanotube comprises selective
removal of nanotubes via an etching process. For example,
the etching process can comprise one or more ol electron
beam etching and 10n beam etching.

Some methods include reshaping one or more nanostruc-
tures after they have been coupled to the first and second
clectrical contacts 441, 442. For example, the reshaping can
comprise changing a relative position of a set of the first
contacts 441 relative to a set of second contacts 442. In some
instances, changing a relative position of the first and second
contacts 441, 442 comprises moving the contacts closer
together. For example, the bent shapes in FIGS. 23 and 24
may be achieved by approximating the substrate portions
454 to which the contacts 441, 442 are attached toward one
another at a time after the nanostructures 4735 have been
attached to the contacts 441, 442.

In some 1nstances, changing a relative position of the first
and second contacts 441, 442 comprises rotating the con-
tacts and moving the contacts closer to each other. In some
instances, the first and second contacts are spaced from each
other along a longitudinal axis, and changing a relative
position of the first and second contacts comprises displac-
ing the first and second contacts relative to each other along
the longitudinal axis.

In some methods, the first and second contacts 441, 442
are spaced from each other i a longitudinal direction.
Changing a relative position of the first and second contacts
441, 442, can include displacing the first and second con-
tacts 441, 442 relative to each other along a direction that 1s
transverse to the longitudinal direction. In some instances,
displacing the first and second contacts 441, 442 in this
manner moves the first and second contacts 441, 442 closer
together.
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In some methods, displacement of the first and second
contacts 441, 442 reshapes the nanostructures into arc
shapes, such as depicted 1n FIGS. 23A and 23B. In some
embodiments, the nanostructures are reshaped nto “V”
shapes, as depicted, for example, 1n FIG. 24.

Certain methods for heating are now described. In some
instances, one or more of any suitable heaters described
herein may be used 1n these methods. Any process or
function for which one or more components of the heaters
are configured can be achieved during the course of the
methods.

In some methods, a heater comprises an array of heating,
clements 4135, and each heating element comprises a first
electrical contact 441, a second electrical contact 442, and a
nanostructure 475 electrically coupling the first electrical
contact 441 to the second electrical contact 442. The meth-
ods include selectively addressing one or more mndividual
heating elements 415 within the array by driving an elec-
trical current from one electrical contact 441 to another
contact 442 for each heating element 415 thus addressed.

In further embodiments, each nanostructure 475 1s suth-
ciently 1solated from the remaining nanostructures 475 so as
to be individually addressable and/or controllable via one or
more of the first and second contacts 441, 442 to which 1t 1s
clectrically coupled. In some embodiments, the heater fur-
ther comprises one or more current sources 495, and certain
methods can further comprise individually accessing and/or
controlling one or more of the nanostructures 475 via the one
or more current sources 495. In other or further embodi-
ments, the heater further comprises one or more measure-
ment circuits 496, and some methods include individually
accessing and/or controlling one or more of the nanostruc-
tures 475 via the measurement circuits 496.

Some methods include individually controlling one or
more of the nanostructures 473 to characterize one or more
properties thereof. In some instances, the one or more
properties comprise a resistance of a nanostructure.

In some embodiments, the circuit 450 comprises one or
more current sources 493 that are coupled with the first and
second contacts 441, 442 of the heating elements 415.
Certain methods include selectively driving current from the
first electrical contacts 441 to the second electrical contacts
442 via the one or more current sources.

Some methods include measuring one or more electrical
properties of one or more nanostructures 415 of the array via
the circuit 450. In some instances, the electrical property
comprises a voltage across the nanostructure. In other or
further instances, the electrical property comprises a resis-
tance of the nanostructure.

Some methods include measuring one or more electrical
properties ol each pair of first and second electrical contacts
441, 442 via the circuit 450. In some 1nstances, the electrical
property comprises a voltage between the electrical contacts.
In other or further instances, the electrical property com-
prises a resistance between the electrical contacts.

In some methods, selectively addressing one or more
individual heating elements 415 within the array comprises
addressing a plurality of the heating elements as a set. In
some 1nstances, each of the heating elements within the set
1s addressed simultaneously. In other or further instances,
the set comprises three or more heating elements 415. Other
suitable methods of heating, such as by using any of the
heaters disclosed herein, are contemplated.

In many instances, the heaters and the methods for
manufacturing the same, can also describe sensors and
methods for manufacturing the same. For example, 1n some
instances the heaters may be configured to operate in a
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sensing mode. In other instances, the circuits 450 may be
configured for dedicated operation only as a heater or for
dedicated operation only as a sensor.

For example, the structures of the heaters 400-411 may be
used either 1n addition or instead as sensors 400-411. In
some 1nstances, the circuits 450 may merely be reconfigured
for sensing operations. For the sensors 400-411, the heating
clements 415 may instead be referred to as sensing elements
415. The sensors may selectively monitor one or more of the
sensing elements 413.

Any suitable uses of the heaters and/or sensors 400-411
are contemplated. For example, uses of heaters and sensors
discussed below with respect to configurations other than
those disclosed with respect to the heaters/sensors 400-411
may be utilized with the heaters/sensors, as appropriate.

In view of the foregoing, an example of a sensor 400 1s
provided by way of illustration. With reference again to FIG.
30, the sensor 400 can include an array 420 of sensing
clements 415, wherein each sensing element comprises a
first electrical contact 441, a second electrical contact 442
spaced from the first electrical contact, and a nanostructure
475 electrically coupling the first electrical contact to the
second electrical contact. The sensor 400 can include a
circuit 450 coupled with the array of sensing elements to
selectively monitor one or more sensing elements 4135 within
the array.

Other arrangements of sensors 400-411 can be obtained
by replacing the terms “heater” with “sensor,” “heating”
with “sensing,” “heating element” with “sensing element,”
and “address” with “monitor” in the prior discussion of the
heaters 400-411 and/or other heaters or sensors referred to
herein.

In certain embodiments, the sensors 400-411 are config-
ured to monitor one or more of the sensing elements 413 in
any suitable manner. For example, the circuit 450 can be
configured to determine a resistance of individual nanostruc-
tures and/or a voltage across the first and second electrical
contacts 441, 442 to determine whether heating or cooling
has occurred with respect to the nanostructure and/or the
magnitude of such heating or cooling. Having an array of
sensing e¢lements 415 can allow for methods in which
gradients or other useful information, such as discussed
elsewhere herein, 1s determined.

Certain methods for sensing are now described. In some
instances, one or more of any suitable sensor described
herein may be used i1n these methods. Any process or
function for which one or more components of the sensors
are configured can be achieved during the course of the
methods.

Some methods utilize a sensor that comprises an array of
sensing elements 415, wherein each sensing element 415
comprises a first electrical contact 441, a second electrical
contact 442, and a nanostructure 475 electrically coupling
the first electrical contact to the second electrical contact.
The methods can include selectively monitoring one or more
individual sensing elements within the array.

Each nanostructure 475 within the array can be suili-
ciently 1solated from the remaining nanostructures so as to
be individually addressable via one or more of the first and
second contacts 441, 442 to which it 1s electrically coupled.
In some embodiments, the sensor comprises one or more
current sources 495, and certain methods can include 1ndi-
vidually monitoring one or more of the nanostructures via
the one or more current sources. In some embodiments, the
sensor comprises measurement circuits 496, and certain
methods can include individually monitoring one or more of
the nanostructures via the measurement circuits.
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In some embodiments, each nanostructure 475 1s suili-
ciently 1solated from the remaining nanostructures so as to
be individually controllable via one or more of the first and
second contacts to which 1t 1s electrically coupled. In some
embodiments, the sensor comprises one or more current
sources, and certain methods include individually control-
ling one or more of the nanostructures via the one or more
current sources. In some embodiments, the sensor comprises
measurement circuits 476, and certain methods include
individually controlling one or more of the nanostructures
via the measurement circuits.

Some methods include individually controlling one or
more ol the nanostructures to characterize one or more
properties thereot. The one or more properties can comprise
a resistance ol a nanostructure.

In some embodiments, the circuit 450 comprises one or
more current sources 493 that are coupled with the first and
second contacts of the sensing elements, and certain meth-
ods include selectively driving current from the {first elec-
trical contacts to the second electrical contacts via the one or
more current sources.

Certain methods include measuring one or more electrical
properties of one or more nanostructures of the array via the
circuit. In some 1nstances, the electrical property comprises
a voltage across the nanostructure. In other or further
instances, the electrical property comprises a resistance of
the nanostructure.

Certain methods include measuring one or more electrical
properties of each pair of first and second electrical contacts
via the circuit. In some 1nstances, the electrical property
comprises a voltage between the electrical contacts. In other
or further instances, the electrical property comprises a
resistance between the electrical contacts.

In certain embodiments, a heater includes a first electrical
contact, a second electrical contact spaced from the first
clectrical contact, and a first graphene sheet electrically
coupling the first electrical contact to the second electrical
contact. The heater 500 may further include a circuit coupled
with each of the first and second electrical contacts, that 1s
configured to selectively drive an electrical current from the
first electrical contact to the second electrical contact, or vice
versa, via the graphene sheet. In some embodiments, one or
more of the components of the heater can be positioned on
a substrate, such as any suitable substrate described above.

The heater can include a plurality of heating elements.
Each heating element can include a pair of electrical con-
tacts and the portion of the graphene sheet that 1s oriented
between the electrical contacts and/or through which current
can flow from one electrical contact to the other. Other
heaters discussed below can similarly include heating ele-
ments. In some 1nstances the heating elements are dynami-
cally assignable or changeable, as the polarity of a given
clectrical contact and/or as pairings among various contacts
can be selectively altered.

The heater may include a first set of electrical contacts and
a second set of electrical contacts spaced from the first set of
clectrical contacts. Each of the first and second sets of
clectrical contacts are electrically coupled with each other
via the first graphene sheet. The first set of electrical contacts
comprises the first electrical contact and the second set of
clectrical contacts comprises the second electrical contact.
In certain embodiments, the first set of electrical contacts 1s
arranged 1 a {first row and the second set of electrical
contacts 1s arranged 1n a second row. In some embodiments,
the first and second rows are parallel to each other. In some
embodiments, one or more of the first and second rows
comprise a straight line of electrical contacts.

"y
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In certain embodiments, a heater includes a first set of

clectrical contacts that comprises a first row of electrical
contacts and includes a second set of electrical contacts that
comprises a first column of electrical contacts. The first row
and the first column of electrical contacts are oriented 1n
different directions. In some embodiments, the first set of
clectrical contacts comprises a second row of electrical
contacts and the second set of electrical contacts comprises
a second column of electrical contacts. The second row and
the second column of electrical contacts can be oriented in
different directions.
In some embodiments, the first and second rows of
clectrical contacts are parallel to each other. In other or
further embodiments, the first and second columns of elec-
trical contacts are parallel to each other. In some embodi-
ments, the first row of electrical contacts 1s perpendicular to
the first column of electrical contacts. In other or further
embodiments, the second row of electrical contacts 1s per-
pendicular to the second column of electrical contacts.

The electrical contacts may be positioned solely at the
edges of the graphene sheet, although other arrangements
are possible. Additionally, although each electrical contact
may be electrically coupled with the circuat.

In some embodiments, each electrical contact of the first
set may be paired with a single electrical contact of the
second set. Each such pairing can correspond with a separate
heating element. In some embodiments, each of the electri-
cal contacts may be assigned a first polarity (positive or
negative) and each of the electrical contacts 1s a assigned a
second, opposite polarity (negative or positive). Each heat-
ing clement may be selectively addressed via the circuit to
pass current through an associated portion of the graphene
sheet.

In some embodiments, each electrical contact can be
selectively coupled or paired with every electrical contact. In
this manner, a much greater portion of the graphene sheet
may be selectively addressed, or selectively heated, by
passing current from one electrical contact to another, or
vice versa. Again, each pair of electrical contacts and the
associated portion of the graphene sheet that 1s between
them and/or through which current passes from one contact
to the other represents a separate heating element. Any other
desired pattern for the heating elements 1s contemplated.
Moreover, any suitable pattern for pairing various electrical
contacts 1s also contemplated. By selectively addressing a
desired pair of contacts, a desired heating pattern or arrange-
ment via the graphene sheet may be achieved.

Some embodiments of a heater include a plurality of
clectrical contacts that are arranged 1n a repeating arrange-
ment or pattern. The electrical contacts are electrically
coupled with a circuit, although electrical leads via which
the coupling may be achieved are not shown. A graphene
sheet 1s physically supported by and i1s electrically coupled
with the electrical contacts. With respect to the repeating
pattern of the electrical contacts, 1t may be said that two sets
of contacts are present. The contacts are arranged in alter-
nating rows and columns. Any suitable pairing of the elec-
trical contacts and any suitable manners for selectively
addressing the various pairings 1s contemplated. In various
embodiments of the heaters, the circuit 550 1s coupled with
each of the electrical contacts 541, 542 1n each of the first
and second sets 581, 582 of electrical contacts.

Some embodiments of a heater include a plurality of
clectrical contacts that are arranged i1n a non-repeating
pattern. The electrical contacts are electrically coupled with
a circuit, although electrical leads via which the coupling
may be achieved are not shown. A graphene sheet 1s physi-
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cally supported by and 1s electrically coupled with the
clectrical contacts. Other arrangements of the heaters and of
the components thereol are contemplated.

In the 1llustrated embodiment, each electrical contact may
be substantially the same. In some embodiments, each
clectrical contact may be dynamically selected to act as a
positive or negative electrical contact. The polarity of the
clectrical contact may be assigned dynamically via the
circuit. For example, in some embodiments, one or more
transistors or other electronic components may be used to
achieve the dynamic selection of the polarity of the electrical
contacts. Such dynamic assignment of the polarity of an
clectrical contact can also be achieved with embodiments of
the heaters discussed above. Stated otherwise, 1n various
embodiments of the heaters, a polarity of each of the first and
second electrical contacts, or sets of electrical contacts, 1s
configured to be dynamically determined via the circuit.

In certain embodiments of the heaters, the circuit 1s
configured to selectively address any combination of the
electrical contacts. In some embodiments, the circuit 1s
configured to selectively drive an electrical current from any
clectrical contact to any other electrical contact via the
graphene sheet. A paired set of electrical contacts, together
with an associated portion of the graphene sheet, may be
referred to as a heating element.

With respect to the heaters, in certain embodiments, any
clectrical contact within the first set of electrical contacts 1s
individually addressable via the circuit. In further embodi-
ments, any electrical contact within the second set of elec-
trical contacts 1s individually addressable via the circuit. As
previously mentioned, in some embodiments, a polarity of
cach eclectrical contact that i1s individually addressed 1is
configured to be dynamically determined via the circuit. The
circuit can be configured to drive current from the electrical
contact that 1s selected from the first set to the electrical
contact that 1s selected from the second set via the graphene
sheet.

In some embodiments, a heater includes a third set of
clectrical contacts and a fourth set of electrical contacts that
1s spaced from the third set of electrical contacts. The heater
can include a second graphene sheet electrically coupling
the third set of electrical contacts to the fourth set of
electrical contacts. In some embodiments, the circuit 1s
coupled with the third and fourth sets of electrical contacts
and 1s configured to selectively pass a current from one or
more electrical contacts in the third set to one or more of the
clectrical contacts 1n the fourth set via the second graphene
sheet. In some embodiments, the first, second, third, and
fourth sets of electrical contacts are arranged 1 a two-
dimensional array. Other array configurations are contems-
plated. The graphene sheets may be oriented over the circuit,
or in other embodiments, the circuit may be external to the
array ol electrical contacts. In further embodiments, many
graphene sheets may be used. For example, three or more,
five or more, ten or more, one hundred or more, or one
thousand or more graphene sheets may be coupled to a
single circuit and/or processor.

In some embodiments of the heaters, a graphene sheet can
comprise an arc shape. The arc may be formed in any
suitable manner. For example, 1n some embodiments, the
graphene sheet 1s coupled to the electrical contacts, and then
the contacts are brought 1nto closer proximity to each other,
such as 1n the manners discussed above. The arc shape 1s at
a position between the first and second sets of electrical
contacts. In some embodiments, the first and second sets of
clectrical contacts are spaced from each other by a separa-
tion distance SD and a length of the graphene sheet that 1s
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positioned between the first and second sets of electrical
contacts 1s greater than the separation distance SD. In some
embodiments, the length of the graphene sheet 1s no less
than 1.5 times the separation distance SD. In some embodi-
ments, a maximum diameter of the arc shape 1s greater than
the separation distance SD.

In certain embodiments, each electrical contact in the first
set 1s paired with one electrical contact 1n the second set. In
certain of such embodiments, each resulting pair of electrical
contacts 1s individually addressable via the circuit. In some
embodiments, the circuit 1s coupled with each pair of
clectrical contacts and 1s configured to time multiplex dii-
ferent pairs of electrical contacts. For example, 1n some
embodiments, the circuit 1s configured to time multiplex
adjacent pairs of electrical contacts.

In some embodiments, a heater comprises multiple cir-
cuits. For example, 1n some embodiments, each pair of
clectrical contacts can be controlled by a separate circuit.
The circuits can be configured to time multiplex signals
delivered to the pairs of electrical contacts.

In some embodiments, different pairs of electrical con-
tacts are powered by diflerent power supplies. For example,
cach circuit may have a separate power supply. One or more
of the power supplies can comprise one or more transforms-
ers and/or capacitors. In some embodiments, use of different
power supplies with different pairs of electrical contacts 1s
configured to reduce cross-talk between the pairs of electri-
cal contacts, as compared with cross-talk between the pairs
ol electrical contacts if a common power supply 1s used with
multiple pairs of electrical contacts.

In certain embodiments, any of the circuits discussed
above can comprise one or more current sources that are
coupled with the first and second sets of electrical contacts
to selectively pass current from the first set of electrical
contacts to the second set of electrical contacts. For
example, each circuit may include a separate current source
for a separate pair of electrical contacts.

In certain embodiments, a system can include an array of
heaters. It 1s understood that any of the other heaters
discussed herein may be used in conjunction with any of the
other embodiments described herein. In some embodiments,
different types of heaters may be used within the same
system. Although the heaters are shown spaced from one
another, 1 other embodiments, they may be 1in closer
proximity, and may be in contact with each other. The
heaters may be arranged in a one-dimensional array.

Each heater may be coupled with a processor. Addition-
ally, at least some of the methods for selective heating
discussed hereafter may employ a processor for implement-
ing one or more of the stages of the methods.

Any suitable method for manufacturing any of the fore-
going heaters 1s contemplated. Some methods include elec-
trically coupling a first electrical contact with a second
clectrical contact via a first graphene sheet. The methods can
turther imnclude coupling a circuit with each of the first and
second electrical contacts. The circuit can be configured to
selectively drive an electrical current from the first electrical
contact to the second electrical contact via the graphene
sheet.

Various methods can include arranging the various com-
ponents of the heaters in any of the arrangements discussed
above. Further, any suitable materials may be used in the
processes, including those discussed above.

For example, some methods include electrically coupling,
via the first graphene sheet, a first set of electrical contacts
with a second set of electrical contacts that 1s spaced from
the first set of electrical contacts, wherein the first set of
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clectrical contacts comprises the first electrical contact and
the second set of electrical contacts comprises the second
clectrical contact. The first set of electrical contacts can be
arranged 1 a first row and the second set of electrical
contacts can be arranged 1n a second row. In some 1nstances,
the first and second rows are parallel to each other. Methods
for manufacturing further arrangements such as those dis-
cussed above also follow directly from the disclosure.

Certain methods for heating are now described. In some
instances, one or more of any suitable heaters described
herein may be used i1n these methods. Any process or
function for which one or more components of the heaters
are configured can be achieved during the course of the
methods.

Some methods of selective heating include, 1n a heater
that comprises a set of electrical contacts and a sheet of
graphene that electrically couples the set of electrical con-
tacts, selectively addressing one or more pairs of electrical
contacts within the set of electrical contacts to drive, for
cach pair of electrical contacts thus addressed, an electrical
current from one of the electrical contacts of the pair to the
other of the electrical contacts of the pair via the graphene
sheet. Some methods further include, for each pair of
clectrical contacts thus addressed, dynamically determining
a polarity of each electrical contact.

Some methods include time multiplexing electrical sig-
nals provided to different pairs of the electrical contacts.
Some methods comprise powering different pairs of electri-
cal contacts via diflerent power supplies. In some embodi-
ments, one or more of the power supplies comprise one or
more transformers and/or one or more flying capacitors.

In many instances, the heaters and the methods for
manufacturing the same can also describe sensors and
methods for manufacturing the same. For example, 1n some
instances the heaters may be configured to operate in a
sensing mode. In other instances, the circuits may be con-
figured for dedicated operation only as a heater or for
dedicated operation only as a sensor.

For example, the structures of the heaters described herein
be used either 1n addition or instead as sensors. In some
instances, the circuits may merely be reconfigured for sens-
ing operations. Any suitable uses of the heaters and/or
sensors are contemplated, including those discussed hereat-
ter as well as those discussed previously.

In view of the foregoing, an example of a sensor 1s
provided by way of illustration. The sensor can include a
first electrical contact, a second electrical contact spaced
from the first electrical contact, and a first graphene sheet
clectrically coupling the first electrical contact to the second
clectrical contact. The sensor can further include a circuit
coupled with each of the first and second electrical contacts.

With reference to FIG. 40, in some embodiments, the
circuit 350 1s configured to determine a thermal property of
a surface 600 that 1s 1n contact with or 1n proximity to the
first graphene sheet 517 based on an effect of the thermal
property on the graphene sheet 517. The surface 600 can be
the surface of any suitable 1tem 602 or material that 1t may
be desirable to observe, monitor, or otherwise sense via the
sensor 500.

As with the heater 500 discussed above, the sensor can
include the first set of electrical contacts and a second set of
clectrical contacts spaced from the first set of electrical
contacts. Each of the first and second sets of electrical
contacts can be electrically coupled with each other via the
first graphene sheet. Other arrangements of heaters dis-
cussed above are likewise possible for various embodiments
ol sensors.
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In some embodiments, a sensor includes a third set of
electrical contacts and a fourth set of electrical contacts

spaced from the third set of electrical contacts. The sensor

can include a second graphene sheet electrically coupling
the third set of electrical contacts to the fourth set of
clectrical contacts. The circuit can be coupled with the third
and fourth sets of electrical contacts and can be configured
to determine a thermal property of a surface that 1s in contact
with or in proximity to the second graphene sheet based on
an eflect of the thermal property on the second graphene
sheet. In some embodiments, a plurality of sensors are
arranged 1n arrays and/or systems.

Certain methods for sensing are now described. In some
instances, one or more of any suitable sensor described
herein may be used in these methods. Any process or
function for which one or more components of the sensors
are configured can be achieved during the course of the
methods.

Some methods of selective sensing include, 1n a sensor
500, 501, 502, 503, 504, 505 that comprises a plurality of

clectrical contacts 541 (and/or 542) and a graphene sheet
517 that electrically couples the plurality of electrical con-
tacts, using one or more pairs of electrical contacts from the
plurality of electrical contacts to monitor, for each of the one
or more pairs of electrical contacts, a portion of the graphene
sheet positioned between the electrical contacts to determine
a thermal property of a surface 600 that 1s 1n contact with or
in proximity to the portion of the first graphene sheet based
on an eflect of the thermal property on the portion of the first
graphene sheet. For example, with reference to FI1G. 40, the
portion of the graphene sheet 517 may be the illustrated
portion that 1s oriented between the electrical contacts 541,
542. Some methods further include selecting the one or more
pairs of electrical contacts used for monitoring one or more
portions of the first graphene sheet. For example, a circuit
550 and/or a processor 530 may be used to dynamically
select which of the electrical contacts 5341 (and/or 542) may
be used 1n a given sensing event. Some methods include, for
cach pair of electrical contacts thus selected, dynamically
determining a polarity of each electrical contact.

Additional methods for heating will now be disclosed. In
certain instances, any suitable heater disclosed herein may
be used.

With reference to FIG. 40, some methods include approxi-
mating a heater (e.g., 400-411, 500-505) to a surface 600,
wherein the heater comprises an array of heating elements
415, 515. Each heating element 415, 515 can 1nclude a first
electrical contact 441, 541, a second electrical contact 442
(or 441), 542 (or 542) spaced from the first electrical contact,
and one or more carbon structures electrically coupling the
first electrical contact to the second electrical contact. The
term carbon structure 1s used in its ordinary sense and
includes structures that are formed of carbon such as, for
example, one or more carbon nanotubes, one or more carbon
nanotube meshes, and/or one or more graphene sheets.

The methods can include controlling one or more indi-
vidual heating elements within the array to induce one or
more changes at the surface. In some embodiments, the one
or more changes at the surface are non-transient. In various
embodiments, the one or more changes at the surface
comprise one or more of a physical change or a chemical
change. In various embodiments, inducing one or more
changes at the surface comprises one or more of etching the
surface, deposition of a layer on the surface, melting the
surface, solidification of the surface, crystallization, diffu-
sion of one substance 1into another, functionalization of the
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surface, doping the surface, alloying the surface, or effecting,
a chemical reaction at the surface.

In some methods, controlling the one or more 1ndividual
heating elements comprises addressing one or more of the
heating elements. Addressing a heating element can com-
prise passing current through the one or more carbon struc-
tures that electrically couple a pair of first and second
clectrical contacts. In some embodiments, addressing the
one or more heating elements takes place for a predeter-
mined period of time. In other or further embodiments,
addressing the one or more clements takes place for a
dynamically selected period of time.

In some embodiments, controlling the one or more 1ndi-
vidual heating elements comprises addressing a first heating
clement for a first period of time and addressing a second
heating element for a second period of time. In some
methods, the first and second times are the same. In other or
further methods the first and second times are the different.
In some methods, the first and second times are executed
simultaneously. In other or further methods, the first and
second times are executed serially. In some instances, a
pause 1s provided between execution of the first and second
times.

In some instances, a physical change 1s induced at the
surface and the physical change i1s a structuring of the
surface.

Some methods include contacting the one or more carbon
structures to the surface. In certain of such methods, induc-
ing one or more changes at the surface comprises conducting
heat to the surface from one or more of the heating elements.

In some methods, inducing one or more changes at the
surface comprises conducting heat to the surface from one or
more of the heating elements through an intermediate
medium. In various embodiments, the intermediate medium
comprises one or more of a gas, a liquid, or a solid.

In some methods, inducing one or more changes at the
surface comprises providing radiant heat to the surface from
one or more of the heating elements. In some methods,
inducing one or more changes at the surface comprises
providing heat to the surface from one or more of the heating
clements via near field coupling.

In some methods, the array of heating elements comprises
a one-dimensional array. The methods can include moving
the array of heating elements relative to the surface of an
object. For example, either of the heaters could be moved
relative to the surface.

In some methods, moving the array of heating elements
comprises one or more ol moving the array of heating
clements along a linear path, moving the array of heating
clements in a raster scan pattern, rotating the array of heating
clements, or oscillating the array of heating elements.

Some methods include controlling a speed at which the
array of heating elements 1s moved relative to the surface.
Controlling the speed can include on or more of 1ncreasing
the speed of the array of heating elements relative to the
surface, decreasing the speed of the array of heating ele-
ments relative to the surface, periodically changing the
speed of the array of heating elements relative to the surface,
changing the speed of the array of heating elements relative
to the surface according to a predetermined function of time,
or stopping the array of heating elements relative to the
surtface.

In some methods, the array of heating elements comprises
a two-dimensional array. For example, the array can include
any of the various arrangements described herein. In some
methods, the array of heating elements 1s held stationary
relative to the surface as the one or more changes are
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induced at the surface. Diflerent heating patterns, movement
ol heating relative to the surface, or the like may be varied
over time by time-dependent addressing of various heating
clements.

In some methods, controlling the one or more individual
heating elements comprises pulsing current through one or
more of the heating elements. In some methods, inducing,
one or more changes at the surface comprises pulsed heating
of the surface.

In some methods, one or more changes comprise writing,
on the surface. For example, 1n some methods, the writing
comprises adding material to the surface. In other or further
methods, the writing comprises subtracting material from
the surface.

In some methods, one or more changes take place at one
or more localized regions of the surface. In some methods,
one or more changes at the surface result in the addition of
material to the surface. In other or further methods, one or
more changes result 1n the subtraction of material from the
suriace.

In various methods, one or more changes alter one or
more pathways on the surface. In some instances, the one or
more pathways are electrical. In some instances, the one or
more pathways are metalized.

In some methods, controlling the one or more individual
heating elements comprises forming a temperature gradient
via the heating elements. Various methods include driving,
one or more changes at the surface 1n a specified direction
along the surface and/or driving the one or more changes at
the surface at a specified rate along the surface.

Some methods include passing one or more reactants
through the array of heating elements, as depicted by the
curved arrow. In some instances, the array ol heating ele-
ments defines multiple openings through which the one or
more reactants can pass to come into contact with the
surface. In some embodiments, graphene sheets used 1in
certain embodiments of heaters may include openings
through which reactants may pass. Some methods thus
include passing one or more reactants between adjacent
nanotubes. Some methods include passing one or more
reactants through one or more individual nanotubes.

In of the various methods described herein, the carbon
structure comprises one or more carbon nanotubes. In some
methods, the carbon structure comprises one or more gra-
phene sheets. In certain of such methods, a single graphene
sheet spans the first and second electrical contacts of at least
a plurality of the heating elements.

In some methods, each carbon structure 1s sufliciently
isolated from the remaining carbon structures so as to be
individually addressable and/or controllable via the first and
second contacts to which 1t 1s electrically coupled. In some
methods, the heater further comprises one or more current
sources, and the method comprises individually accessing
and/or controlling one or more of the carbon structures via
the one or more current sources. In some methods, the heater
turther comprises one or more measurement circuits, and
wherein the method further comprises individually access-
ing and/or controlling one or more of the carbon structures
via the measurement circuits. Some methods include indi-
vidually controlling one or more of the carbon structures to
characterize one or more properties thereof. In some
instances, the one or more properties comprise a resistance
ol a carbon structure.

In some methods, the heater further comprises a circuit
that comprises one or more current sources that are coupled
with the first and second contacts of the heating elements,
and wherein the method further comprises selectively driv-
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ing current from the first electrical contacts to the second
clectrical contacts via the one or more current sources.

Some methods include measuring one or more electrical
properties ol one or more carbon structures of the array. In
various 1nstances, the one or more electrical properties
comprise one or more ol a voltage across the carbon
structure and a resistance of the carbon structure.

Some methods include measuring one or more electrical
properties of each pair of first and second electrical contacts.
In various 1nstances, the one or more electrical properties
comprise one or more ol a voltage between the electrical
contacts and a resistance between the electrical contacts.

Additional methods for sensing will now be disclosed. In
certain instances, any suitable sensor disclosed herein may

be used, such as the sensors 400-411, 500-505 described

above.

Some methods include approximating a sensor (e.g.,
400-411, 500-505) to a surface, wherein the sensor com-
prises an array ol sensing elements, wherein each sensing
clement comprises a first electrical contact, a second elec-
trical contact spaced from the first electrical contact, and one
or more carbon structures electrically coupling the first
clectrical contact to the second electrical contact. The meth-
ods can 1include determiming a thermal property of the
surface based on an effect of the thermal property on one or
more of the sensing elements.

In some methods, determining the thermal property com-
prises applying a constant voltage across each pair of first
and second electrical contacts and comparing currents that
pass through different sensing elements.

In some methods, the thermal property 1s a temperature
distribution. In other or further methods, the thermal prop-
erty 1s a conductivity distribution.

Some methods include contacting the one or more carbon
structures to the surface.

In some methods, the array of sensing elements comprises
a one-dimensional array, and the method includes moving
the array of sensing elements relative to the surface. Move-
ment of the array can be in any of the manners discussed
above with respect to the methods of heating. Other or
further methods include controlling a speed at which the
array ol sensing elements 1s moved relative to the surface.
Controlling the speed can be 1n any of the manners discussed
above with respect to the methods of heating. Some methods
include stopping the array of sensing elements relative to the
surtface.

In some methods, the array of sensing elements comprises
a two-dimensional array. In some instances, the array of
sensing elements 1s held stationary relative to the surface as
the thermal property of the surface 1s determined.

Some methods include reading information from the
surface based on the thermal property of the surface. For
example, various methods include detecting material that
has been added to the surface and/or detecting that material
has been subtracted from the surface.

In various methods, the carbon structure comprises one or
more carbon nanotubes. In some methods, the carbon struc-
ture comprises one or more graphene sheets. In further
instances, a single graphene sheet spans the first and second
clectrical contacts of multiple sensing elements.

Some methods include measuring one or more electrical
properties of one or more carbon structures of the array. In
some 1nstances, the electrical property can comprise a volt-
age across the carbon structure. In other or further instances,
the electrical property can comprise a resistance of the
carbon structure.
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Some methods include measuring one or more electrical
properties ol each pair of first and second electrical contacts.
In some 1nstances, the electrical property comprises a volt-
age between the electrical contacts. In other or further
instances, the electrical property comprises a resistance
between the electrical contacts.

With reference to FIGS. 41A, 41B, and 41C, 1n some
embodiments, a thermal device 700 can be configured to
operate as a heater and/or a sensor. Stated otherwise, the
thermal device 700 may be referred to as a heater 700 and/or
as a sensor 700, depending on a manner in which the thermal
device 1s configured to operate. In certain embodiments, the
thermal device 700 can include a substrate 754 and a
multi-wall carbon nanotube 710 coupled to the substrate 754
at a first end 712 thereof. The carbon nanotube 710 can
include a second end 714 that 1s spaced from the substrate
754. The carbon nanotube 710 can further comprise a first
wall 716 and a second wall 718 external to the first wall. A
first electrical lead 721 can be coupled to the first wall 716
and a second electrical lead 718 can be coupled to the second
wall 718. The first and second walls 716, 718 can be
clectrically coupled to each other via an electrical lead 723.

In certain embodiments, the first and second electrical
leads 721, 722 can be supported by the substrate 754. With
reference to FIG. 41C, 1n some embodiments, the thermal
device 700 further includes a circuit 750 coupled with the
first and second electrical leads 721, 722 that 1s configured
to heat the second end 714 of the carbon nanotube 710 by
passing current through the electrical leads 721, 722. In
some embodiments, the first and second walls 716, 718 are
clectrically coupled to each other at the second end 714 of
the carbon nanotube 710. For example, the first and second
walls 716, 718 can be electrically coupled to each other via
an electrical lead 723. In some embodiments, the entire top
surface of the carbon nanotube 710 may be covered and/or
partially covered with an electrical lead 723 (shown with
cross-hatching).

In some embodiments, the circuit 750 1s configured to
sense a thermal change at the second end 714 of the carbon
nanotube 710 based on an effect of the thermal change on the
carbon nanotube. In some embodiments, the eflect of the
thermal change on the carbon nanotube 1s a change in
resistance of the carbon nanotube. For example, the change
in resistance can be due at least in part to an increase 1n
temperature of the second end of the carbon nanotube. In
other or further 1nstances, the change in resistance 1s due at
least 1n part to a decrease 1n temperature of the second end
ol the carbon nanotube.

In some embodiments, the circuit 750 can be configured
to determine a magnitude of the change 1n the resistance of
the carbon nanotube based on a change in voltage across the
first and second walls 716, 718. In other or further embodi-
ments, the circuit 750 1s configured to determine whether or
not a thermal change occurs at the second end 714 of the
carbon nanotube by determiming whether or not a voltage
across the first and second walls changes.

In some embodiments, the circuit 750 1s configured to
determine a magnitude of the change 1n the resistance of the
carbon nanotube based on a change in current passing
through the nanotube. In other or further embodiments, the
circuit 750 1s configured to determine whether or not a
thermal change occurs at the second end of the carbon
nanotube by determining whether or not a current passing,
through the nanotube changes.

In some embodiments, the circuit 750 1s configured to
determine a magnitude of the change in resistance of the
carbon nanotube based on a change 1n power dissipated 1n
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the circuit. In other or further embodiments, the circuit 750
1s configured to determine whether or not a thermal change
occurs at the second end of the carbon nanotube by deter-
mining whether or not a level of power dissipated in the
circuit changes.

In some embodiments, the circuit 750 1s configured to
counteract a change in the resistance at the second end 714
ol the nanotube so as to maintain the nanotube at a constant
resistance. In further embodiments, the circuit 750 com-
prises a feedback circuit 756 that 1s configured to counteract
a change i1n the resistance of the nanotube by controlling a
current within the feedback circuit. In some embodiments, a
magnitude of the thermal change 1s detected via a magnmitude
of a change 1n the current used to maintain the nanotube at
the constant resistance.

In some embodiments, the circuit 750 1s configured to
maintain a constant voltage across the first and second walls

716, 718 of the carbon nanotube 710. In further embodi-

ments, changes 1n the circuit 750 that aid 1n maintaining the
constant voltage are used to determine whether or not a
thermal change occurs at the second end 714 of the carbon
nanotube. In some embodiments, changes 1n the circuit 750
that aid 1n maintaining the constant voltage are used to
determine a magnitude of a thermal change at the second end
714 of the carbon nanotube.

In some embodiments, the circuit 750 1s configured to
pass a constant current through the nanotube 710. In further
embodiments, changes 1n the circuit 750 that aid in main-
taining the constant current are used to determine whether or
not a thermal change occurs at the second end of the carbon
nanotube. In some embodiments, changes in the circuit 750
that aid 1n maintaining the constant current are used to
determine a magnitude of a thermal change at the second end
714 of the carbon nanotube.

In certain embodiments, the circuit 750 1s configured to
dissipate a constant power. In further embodiments, changes
in the circuit 750 that aid in maintaining the constant power
are used to determine whether or not a thermal change
occurs at the second end 714 of the carbon nanotube. In
some embodiments, changes 1n the circuit that aid 1n main-
taining the constant power are used to determine a magni-

tude of a thermal change at the second end of the carbon
nanotube.

In some embodiments, a system comprises a plurality of
thermal devices arranged in a one-dimensional array. In the
illustrated embodiment, each of the plurality of thermal
devices defines a longitudinal axis that extends into and out
of the page. The longitudinal axes of the four illustrated
thermal devices are thus substantially parallel to each other.
Other arrangements are also possible.

In the illustrated embodiment, each of the plurality of
thermal devices comprises a circuit coupled with the first
and second electrical leads thereof. In some embodiments,
the circuit of each thermal device 1s configured to heat the
second end of the carbon nanotube thereol by passing
current through the electrical leads thereof. In other or
further embodiments, the circuit of each thermal device 1s
configured sense a thermal change at the second end of the
carbon nanotube thereof based on an eflect of the thermal
change on the carbon nanotube.

In some embodiments, a processor 1s coupled with the
circuit of each of the thermal devices. In some embodiments,
the processor 1s configured to form a temperature gradient at
the second ends of the carbon nanotubes. In other or further
embodiments, the processor 1s configured to sense a tem-
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perature gradient at the second ends of the carbon nanotubes.
More or fewer thermal devices are used in other embodi-
ments.

In some embodiments, a system comprises a plurality of
thermal devices arranged in a two-dimensional array. In
some embodiments, each thermal device can include a
separate circuit such as discussed above. In some 1nstances,
the circuits may be at or near the nanotube, such as depicted
in FIG. In the illustrated embodiment, the circuits are
incorporated 1nto the processor. Electrical couplings
between each thermal device and the processor are not
shown. More or fewer thermal devices are used in other
embodiments.

The thermal devices and the systems can be used 1n any
suitable manner. For example, any of the methods for
heating and/or sensing disclosed herein may be employed
with one or more thermal devices and/or one or more of the
systems, as appropriate.

For example, with reference again to FIGS. 41A-41C,
cach multi-wall nanotube 710 may be considered a heating
clement or a sensing element, depending on how 1t 1s used.
Each such heating and/or sensing element can include a first
clectrical contact (e.g., the electrical lead 721), a second
clectrical contact (e.g., the electrical lead 722), and one or
more carbon nanostructures that electrically couple the first
and second electrical contacts. Here, the carbon nanostruc-
tures can comprise the multi-wall nanotubes 710. As previ-
ously discussed, 1n some embodiments, the nanotubes 710
may include an electrical lead 723, which may be located at
the second end 714 of nanotube 710 or at any other suitable
position. The electrical lead 723 electrically couples the first
and second nanotube walls 716, 718, thus permitting the
nanotube 710 to provide an electrical coupling of the first
and second electrical leads 721, 722.

In various embodiments, a thermal device 700, or an array
of such devices, may be approximated to a surface, such as
the surface discussed above. Any suitable heating and/or
sensing operations may be performed in manners such as
discussed above.

FIG. 42 1s a plan view 770 of an embodiment of a system
that includes a plurality of thermal devices 700 arranged in
a one-dimensional array with a processor 730 and circuit
750 components, as described herein.

FIG. 43 1s a plan view of another embodiment 771 of a
system that includes a plurality of thermal devices 700 with
multi-walled nanotubes 710, wherein the thermal devices
700 are arranged 1n a two-dimensional array and are 1n
communication with one or more processors 730.

Any methods disclosed herein comprise one or more steps
or actions for performing the described method. The method
steps and/or actions may be interchanged with one another.
In other words, unless a specific order of steps or actions 1s
required for proper operation of the embodiment, the order
and/or use of specific steps and/or actions may be modified.

References to approximations are made throughout this
specification, such as by use of the terms “about” or
“approximately.” For each such reference, 1t 1s to be under-
stood that, 1n some embodiments, the value, feature, or
characteristic may be specified without approximation. For
example, where qualifiers such as “about,” “substantially,”
and “generally” are used, these terms include within their
scope the qualified words 1n the absence of their qualifiers.
For example, where the term “substantially the same™ 1is
recited with respect to a feature, 1t 1s understood that in
turther embodiments, the feature can be precisely the same.

Reference throughout this specification to “an embodi-
ment” or “the embodiment” means that a particular feature,

5

10

15

20

25

30

35

40

45

50

55

60

65

48

structure or characteristic described 1n connection with that
embodiment 1s included 1n at least one embodiment. Thus,
the quoted phrases, or variations thereof, as recited through-
out this specification are not necessarily all referring to the
same embodiment.

Similarly, 1t should be appreciated that in the above
description of embodiments, various features are sometimes
grouped together 1n a single embodiment, figure, or descrip-
tion thereof for the purpose of streamlining the disclosure.
This method of disclosure, however, 1s not to be interpreted
as reflecting an intention that any claim require more fea-
tures than those expressly recited 1in that claim. Rather, as the
following claims reflect, inventive aspects lie in a combi-
nation of fewer than all features of any single foregoing
disclosed embodiment. The term “first” 1n the claims with
respect to a given feature does not necessarily imply the
existence of a second or greater number of that feature.

The mvention claimed 1s:

1. A heater, comprising:

an array of heating elements, wherein each heating ele-
ment comprises:

a first electrical contact:

a second electrical contact spaced from the first elec-
trical contact; and

a nanostructure electrically coupling the first electrical
contact to the second electrical contact;

a circuit coupled with the array of heating elements to
selectively address one or more heating elements
within the array; and

wherein the array of heating elements comprises at least
one sensing element, the heater further comprising an
1solating element to 1solate at least one sensing element
from at least one of the heating elements of the array.

2. The heater of claim 1, further comprising:

an additional array of heating elements, wherein each
heating element comprises:

a first electrical contact:

a second electrical contact spaced from the first elec-
trical contact; and

a nanostructure electrically coupling the first electrical
contact to the second electrical contact,

wherein the circuit 1s coupled with the additional array of
heating elements,

wherein each array of heating elements comprises a
one-dimensional array, and

wherein the arrays of heating elements are oriented 1n two
dimensions.

3. The heater of claim 1, wherein for at least one of the
heating elements in the array, the nanostructure comprises a
nanotube mesh that i1s oriented between the first and second
clectrical contacts.

4. The heater of claim 1, wherein the first and second
clectrical contacts of a heating element of the array are
spaced from each other by a separation distance, wherein the
nanostructure of the heating element comprises one or more
individual nanotubes, and wherein an unsupported length of
cach nanotube that 1s oriented between the first and second
clectrical contacts 1s greater than the separation distance.

5. The heater of claim 1, wherein the nanostructures of
adjacent heating elements are spaced from each other by a
first amount at a position at which the nanostructures are
connected to the first electrical contacts of the adjacent
heating elements, and wherein the nanostructures are spaced
from each other by a second amount that 1s smaller than the
first amount at a position that 1s between the first and second
clectrical contacts of the adjacent heating elements.
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6. The heater of claim 1, wherein, for at least one of the
heating elements, the nanostructure 1s oriented over or
through a separate structure to achieve a predetermined
spacing relative to one or more nanostructures of one or
more adjacent heating elements.

7. The heater of claam 1, wherein, for at least one of the
heating elements, the nanostructure 1s oriented over or
through a separate structure to achieve a predetermined
configuration.

8. The heater of claam 1, wherein each nanostructure 1s
suiliciently 1solated from the remaining nanostructures so as
to be mdividually addressable via one or more of the first
and second contacts to which 1t 1s electrically coupled.

9. The heater of claim 1, wherein each nanostructure 1s
suiliciently 1solated from the remaining nanostructures so as
to be individually controllable via one or more of the first
and second contacts to which 1t 1s electrically coupled.

10. The heater of claim 1, wherein the array of heating
clements comprises a matrix arrangement for facilitating the
selective addressing of one or more heating elements within
the array.

11. The heater of claim 10, wherein the matrix comprises
a plurality of electrical contacts that are each coupled with
a plurality of the nanostructures of the heating elements of
the array.

12. A method of fabricating a heater, the method com-
prising;:

forming an array of heating elements such that each

heating element comprises:

a first electrical contact;

a second electrical contact; and

a nanostructure electrically coupling the first electrical

contact to the second electrical contact; and

coupling a circuit with the array of heating elements such

that the circuit 1s configured to selectively address one

or more heating elements within the array,

wherein, for at least one of the heating elements, the

nanostructure 1s oriented over or through a separate
structure to achieve a predetermined spacing relative to
one or more nanostructures of one or more adjacent
heating elements.

13. The method of claim 12, further comprising;

forming an additional array of heating elements, wherein

cach heating element comprises:

a first electrical contact;

a second electrical contact spaced from the first elec-
trical contact; and

a nanostructure electrically coupling the first electrical
contact to the second electrical contact; and

coupling the circuit with the additional array of heating

elements,

wherein each array of heating elements comprises a

one-dimensional array, and

wherein the arrays of heating elements are oriented 1n two

dimensions.

14. The method of claim 12, wherein for at least one of the
heating elements 1n the array, the nanostructure comprises a
nanotube mesh that 1s oriented between the first and second
clectrical contacts.

15. The method of claim 12, further comprising reshaping
the nanostructure after 1t has been coupled to the first and
second electrical contacts.

16. The method of claim 12, wherein, for at least one of
the heating elements, the nanostructure i1s oriented over or
through a separate structure to achieve a predetermined
configuration.
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17. The method of claim 12, wherein each nanostructure
1s suiliciently 1solated from the remaining nanostructures so
as to be individually addressable via one or more of the first
and second contacts to which 1t 1s electrically coupled.

18. The method of claim 12, wherein the array of heating
clements comprises a matrix arrangement for facilitating the
selective addressing of one or more heating elements within
the array.

19. The method of claim 18, wherein, for a first subset of
the heating elements of the array, the first electrical contact
of each heating element comprises a common electrical
contact with which the nanostructure of each heating ele-
ment 1s electrically coupled.

20. The method of claim 19, wherein, for a second subset
of the array of heating elements that 1s different from the first
subset, the second electrical contact of each heating element
within the second subset comprises a second common
clectrical contact with which the nanostructure of each
heating element within the second subset 1s electrically
coupled.

21. A heater, comprising:

an array of heating elements, wherein each heating ele-

ment comprises:

a first electrical contact:

a second electrical contact spaced from the first elec-
trical contact; and

a nanostructure electrically coupling the first electrical
contact to the second electrical contact; and

a circuit coupled with the array of heating elements to

selectively address one or more heating elements
within the array,

wherein the nanostructures of adjacent heating elements

are spaced from each other by a first amount at a
position at which the nanostructures are connected to
the first electrical contacts of the adjacent heating
clements, and wherein the nanostructures are spaced
from each other by a second amount that 1s smaller than
the first amount at a position that 1s between the first
and second electrical contacts of the adjacent heating
clements.

22. A heater, comprising:

an array ol heating elements, wherein each heating ele-

ment comprises:

a first electrical contact;

a second electrical contact spaced from the first elec-
trical contact; and

a nanostructure electrically coupling the first electrical
contact to the second electrical contact; and

a circuit coupled with the array of heating elements to

selectively address one or more heating elements
within the array,

wherein, for at least one of the heating elements, the

nanostructure 1s oriented over or through a separate
structure to achieve a predetermined spacing relative to
one or more nanostructures of one or more adjacent
heating elements.

23. A heater, comprising:

an array ol heating elements, wherein each heating ele-

ment comprises:

a first electrical contact;

a second electrical contact spaced from the first elec-
trical contact; and

a nanostructure electrically coupling the first electrical
contact to the second electrical contact; and

a circuit coupled with the array of heating elements to

selectively address one or more heating elements
within the array,
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wherein, for at least one of the heating elements, the
nanostructure 1s oriented over or through a separate
structure to achieve a predetermined configuration.
24. A heater, comprising;:
an array ol heating elements, wherein each heating ele-
ment comprises:
a first electrical contact:;
a second electrical contact spaced from the first elec-
trical contact; and
a nanostructure electrically coupling the first electrical
contact to the second electrical contact; and
a circuit coupled with the array of heating elements to
selectively address one or more heating elements
within the array,
wherein each nanostructure 1s suiliciently 1solated from
the remaining nanostructures so as to be individually
controllable or addressable via one or more of the first
and second contacts to which it 1s electrically coupled.
25. A heater, comprising:
an array ol heating elements, wherein each heating ele-
ment comprises:
a first electrical contact:;
a second electrical contact spaced from the first elec-
trical contact; and
a nanostructure electrically coupling the first electrical
contact to the second electrical contact; and
a circuit coupled with the array of heating elements to
selectively address one or more heating elements
within the array,
wherein the array of heating elements comprises a matrix
arrangement for facilitating the selective addressing of
one or more heating elements within the array.
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